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Fresh market vegetable production in the Midwest U.S. is growing rapidly as a result of 
increased demand for locally-sourced food. High tunnels are becoming increasingly 
popular among Midwest vegetable growers as these structures offer many production 
benefits including season extension. However, vegetables require substantial fertility 
inputs, particularly nitrogen (N), in order to meet desired levels of productivity, and some 
fertility management strategies can negatively impact soil and environmental quality. 
This can be particularly problematic in high tunnels, where longer production periods and 
modification of the growing environment put these systems at greater risk for soil 
degradation. Identification of fertility practices that maintain soil quality and reduce 
negative environmental impacts is needed to improve the longevity and sustainability of 
these systems. The biological mechanisms controlling N cycling in Midwest vegetable 
production systems are not well characterized, and understanding how fertility practices 
alter this process are critical for limiting N loss in this region. The specific objectives of 
this research are to 1) quantify impacts of inorganic and organic fertility amendments on 





determine how fertility amendments alter the structure of microbial communities that 
regulate N cycling processes, and 3) determine how changes in microbial community 
structure influence potential nitrification and denitrification activity. Urea, chicken litter, 
green manure (fall seeded hairy vetch (Vicia villosa Roth) plus alfalfa meal), and an 
unfertilized control were repeatedly applied in a high tunnel and adjacent open field plot 
at the Meigs Horticulture farm over a period of three growing seasons (2011 to 2013). 
Swiss chard (Beta vulgaris L.) was grown in 2011 and sweet peppers (Capsicum annuum 
L.) were grown in 2012 and 2013. Crop yield, soil pH, electrical conductivity (EC), total 
carbon, permanganate oxidizable carbon (POXC), plant available N, total N, and 
microbial activity (FDA) were quantified during each growing season, and total nutrient 
analysis was performed at the conclusion of the field trial. In 2013, potential nitrification 
(PNA) and denitrification (PDA) activity, abundance of ammonia-oxidizing archaea 
(AOA), bacteria (AOB), nitrite reductases (nirK and nirS) and nitrous oxide reductase  
(nosZ) genes, and community structure of bacterial ammonia monooxygenase (amoA) 
and nirK were quantified in bulk and rhizosphere soil samples collected from open field 
plots. In 2011, chard yield was lower in the high tunnel than the open field system, while 
pepper yield was greater in the high tunnel in 2012 and 2013. Chard yield was lower in 
plants receiving green manure than those receiving urea in 2011, but no differences in 
pepper yield were observed in response to fertility treatments in 2012 or 2013. Chicken 
and green manure treatments increased soil quality relative to urea and control treatments 
as indicated by greater FDA and POXC. However, EC was greater in chicken and green 
manure treatments than the unfertilized control, though levels were not considered 





greater in the rhizosphere than bulk soil, but nosZ abundance was lower in rhizosphere. 
Fertility treatments had a stronger impact on PNA, PDA, and N cycling gene abundances 
in bulk rather than rhizosphere soil. However, when averaged across bulk and 
rhizosphere fractions, there were no differences in PNA or AOA and AOB abundance. In 
contrast, green manure treatments had greater PDA in comparison to soils amended with 
urea and the control, though no differences in nirK, nirS, or nosZ abundance were 
observed between fertilized treatments. The abundance of AOB and nirK were strongly 
correlated with PNA and PDA, respectively, suggesting these functional groups more 
tightly control nitrification and denitrification processes in this dominant Midwestern soil. 
Multivariate analyses of AOB and nirK community profiles revealed that soil fraction 
and fertility treatments distinctly shaped these groups, and impacted their diversity. In 
conclusion, use of organic fertility amendments improve soil quality relative to inorganic 
amendments in intensively managed Midwest vegetable production systems, but could 
result in increased N loss from these systems when conditions are suitable for 
denitrification, though additional studies are needed to confirm denitrification efficiency. 
Nitrogen cycling dynamics are modified in the rhizosphere in comparison to bulk soil, 
which could influence N loss from these systems and therefore should be considered in 





CHAPTER 1. INTRODUCTION 
1.1 Purpose of this Dissertation 
 This dissertation research sought to identify the impacts of fertility management 
on soil quality and nitrogen (N) cycling dynamics in intensively managed vegetable 
production systems. Specifically, this research will lead to a better understanding of how 
inorganic and organic fertilizer inputs impact crop productivity, chemical and biological 
soil properties, and functional microbial communities involved in N cycling. The 
Midwest represents a vast region of intensive agricultural production in the U.S., yet little 
is known of how fertility management practices influence soil quality and N cycling in 
these systems. There is an immediate need for research that identifies management 
strategies that will not only sustain crop productivity and soil quality, but also limit the 
negative environment consequences as a result agriculture in this region. The findings of 
the dissertation will serve both the agricultural and scientific communities by providing 
information regarding fertility management impacts on crop productivity and soil quality 
in common growing environments as well as the mechanisms controlling N cycling in 
Midwest agroecosystems. As a whole, this knowledge will serve as a resource for 
growers, researchers, and policy makers to help guide them in making responsible, 





1.2 Problem Statement 
 The demand for locally sourced vegetables has increased rapidly over the past two 
decades. This is evidenced by the rise in recognized U.S. farmers markets expanding 
from 1,755 in 1994 to 8,144 in 2013 (USDA, 2013). One method rapidly gaining 
popularity in the Midwest U.S. is using high tunnels to extend seasonal production of 
fresh market vegetables. While high tunnels can provide production benefits, there are 
many new and existing challenges (e.g. maintaining soil quality) that must be addressed 
to identify best management practices in these structures. As a result, growers need 
practical, research-based studies to help guide them in making responsible decisions to 
effectively manage their operations.  
Soil fertility management is one of the most costly, yet necessary components in 
vegetable production. However, many challenges exist regarding soil fertility: application 
rates, matching crop nutritional needs, and reducing nutrient losses to the environment. 
As a result, growers over-apply fertility amendments, particularly N, as insurance to 
obtain optimum levels of crop productivity; however, these strategies can negatively 
impact soil and the environment. Ideally, production systems that maximize the amount 
of fertility amendments taken up by crops while minimizing losses to the environment 
would result in improved production and environmental quality. Identifying practices that 
better achieve these goals while also maintaining soil health will lead to more sustainable 
and efficient agricultural production systems. 
 Indeed, soil fertility management practices have impacts on a broader scale than 
achieving optimal yields in agricultural production systems. It is without doubt that 





natural conditions that existed no more than a century ago. As a result, agricultural soils 
are leaky as only about 50% of the N applied is accounted for in crops (Smil, 1999). N 
not taken up crops is subject to loss from soil via two main pathways; nitrate (NO3-) 
leaching and denitrification. This is particularly concerning for agricultural production 
systems in the Midwest U.S. as states in the Corn Belt (e.g. Illinois and Indiana), 
represent only 15% of the watershed entering the Gulf of Mexico, but are responsible for 
50% of NO3- entering this body of water (Goolsby, 1999). Additionally, recent predictive 
models suggest Midwest agricultural systems are the largest contributor to national soil 
nitrous oxide (N2O) emissions (Houlton et al., 2013), a potent greenhouse gas. Despite 
these recognized problems in the Midwest, and their direct association with agriculture, 
the mechanisms controlling processes leading to N loss from these systems are not well 
characterized. Identifying how different fertility practices influence soil N cycling in this 
region will lead to improved management and predictive models aimed to mitigate the 
negative environmental impacts from Midwest agricultural production systems. 
 
1.2.1 Fertility Management in Agricultural Production Systems 
The use of N fertility amendments in agriculture have greatly enhanced crop 
productivity over the past 50 years. Future fertilizer N use is expected to increase 
concomitantly with rising global populations in order to feed an estimated nine billion 
people by the year 2050. Today, inorganic N inputs are commonly used to meet crop N 
demands. These sources are highly effective at supplying crops with adequate N because 





fertilizers can decouple natural soil nutrient cycling, leading to greater risk for N loss 
from these systems (Drinkwater and Snapp, 2007). 
On the other hand, the use of alternative, organic sources of N fertility can more 
tightly link soil nutrient cycling, increasing N mineralization potential, and improving 
long-term storage of N in soil organic matter (Berthrong et al., 2013). As a result, 
agricultural systems using organic inputs typically show reduced N loss via NO3- 
leaching (Drinkwater et al., 1998; Kramer et al., 2006) and greater levels of microbial 
activity (Mader et al., 2002) compared to those receiving only inorganic N inputs. 
Alternatively, growers relying solely on organic fertility sources also face 
production challenges. Predicting N release from organic residues can be difficult in 
order to meet crop nutrient demands. As a result, yields are typically lower in organic 
production systems in comparison to conventionally managed systems (Cavigelli et al., 
2009; Mader et al., 2002; Tonitto et al., 2006), although some long-term trials report 
comparable yields (Drinkwater et al., 1998; Temple et al. 1994). To promote more rapid 
release rates of mineral N from organic amendments, sources with a narrow carbon (C) to 
N ratio are commonly used (e.g. animal manures). Additionally, using legume cover 
crops as green manures not only captures residual mineral N in soil systems, but also can 
supplement N via symbiotic relationships with N-fixing microorganisms. 
While there are costs and benefits to using both inorganic and organic N fertility 
sources, their impacts on crop productivity, soil quality, and N dynamics are not well 
established in intensively managed Midwest vegetable production systems. Research is 
needed in these areas to confirm the ability of these fertility management practices to 





1.2.2 High Tunnel Production of Fresh Market Vegetables 
 High tunnels, or polytunnels, are unheated greenhouse structures covered by a 
single or double layer of polyethylene, are passively ventilated, and do not use 
supplemental lighting. While not a novel production strategy, high tunnels have grown in 
popularity across the U.S. as a result of initiatives undertaken by the USDA-NRCS to 
offer financial assistance in the construction and use of these structures on growers’ lands. 
More than 10,000 new high tunnels have been established in the U.S. since the start of 
these initiatives in 2010 (G. Gilbert, personal commun.). High tunnels offer the luxury of 
season extension, protection from external weather extremes, and more controlled 
regulation of the growing environment, resulting in the potential for enhanced crop 
productivity and quality, and reduce pest and disease pressure (Lamont, 2009; O’Connell 
et al., 2012; Pottorff and Panter, 2009). Yet, novice and experienced high tunnel growers 
have access to little data regarding high tunnel management, particularly in the Midwest 
U.S., limiting research-based solutions to the challenges faced when using these 
structures. Of these challenges, fertility and soil quality are particularly important as 
greater productivity and modification of the growing environment likely result in higher 
inputs and more rapid soil degradation within these systems. In a survey conducted by 
Knewtson et al. (2010), soil quality under high tunnel structures was a common issue 
experienced by growers. Because soil fertility directly impacts soil quality, identifying 
high tunnel fertility management strategies that achieve optimal yields without sacrificing 
soil quality are needed to help vegetable growers improve high tunnel operational 






1.2.3 Nitrogen Cycling in Agricultural Production Systems 
Soil plays a major role in mediating global N cycling, and all steps of the N cycle 
are performed at some capacity in soil. Agricultural soils, in particular, have undergone 
scrutiny in terms of their influence on global N cycling processes as anthropogenic N 
inputs have altered natural nutrient cycling. Overuse of inorganic N has led to the 
uncoupling N from other elemental cycles (e.g. carbon), resulting in leakiness of N from 
these systems (Drinkwater and Snapp, 2007). Loss of N from agricultural systems does 
not only negatively impact crop productivity, but can also have detrimental impacts on 
the environment. One major pathway by which agricultural systems are susceptible to N 
loss is via NO3- leaching, which can negatively impact the health of humans (Tyson et al., 
1992) and aquatic life (Rabalais, 1996), and is largely mediated during nitrification. 
Another major route of N loss in soils in via denitrification, by which gaseous forms of N 
are emitted from soil to the atmosphere. Nitrous oxide (N2O) is an intermediate in the 
denitrification pathway, and is a potent greenhouse gas which has a global warming 
potential about 300 times greater than carbon dioxide (Lashof and Ahuja, 1990), and can 
induce the depletion of stratospheric ozone (Ravishankara et al., 2009). As a result, 
nitrification and denitrification dynamics are critical in controlling N loss from 
agricultural soils, which can have negative impacts on the environment. 
Ammonia oxidation, the first and rate-limiting step of nitrification, is carried out 
by autotrophic bacteria (AOB), and the recently discovered Thaumarchaeota (AOA; 
Konneke et al., 2005). These organisms possess functionally equivalent ammonia 
monooxygenase genes, amoA, that are responsible for the oxidation of ammonia to nitrite 





importance of AOA and AOB to nitrification in agricultural soils is a matter of consistent 
debate (Jia and Conrad, 2009; Leininger et al., 2006; Prosser and Nicol, 2008), and 
appears to be site specific and independent of environmental factors (Prosser and Nicol, 
2012). Nonetheless, it can be agreed upon that the activity of either group is no more 
important than the other, and both have the potential to steer N loss from agricultural 
soils. 
Denitrification, on the other hand, involves the step-wise reduction of NO3- to 
dinitrogen (N2) by heterotrophic prokaryotes under anaerobic soil conditions. However, 
incomplete reduction to N2 can results in release of N2O to the atmosphere. Contrary to 
ammonia oxidation, denitrification is controlled by a set of known environmental factors: 
oxygen (O2), organic carbon (C), and amounts of NO3-. Denitrification rates are greater 
under O2 limiting conditions (Linn and Doran, 1984), high available C and elevated NO3- 
(Weier et al., 1992). As a result, agricultural soils that are poorly drained and receive 
higher rates of inputs of organic matter and/or N are more at risk to N loss via 
denitrification.  
Additionally, rhizosphere effects have the potential to alter nitrification and 
denitrification in agricultural production systems, although their impacts on N 
transformations are not commonly evaluated. While some studies have assessed N 
dynamics in the rhizosphere of common grain crops like rice (Chen et al., 2008), barley 
(Glaser et al., 2010), and maize (Ai et al., 2013), little is known about rhizosphere effects 
on nitrification and denitrification in intensively managed vegetables like pepper. 
As a whole, N dynamics related to agricultural production are poorly characterized 





denitrification are needed to identify management strategies that potentially reduce N loss 
from this region. Additionally, studies that encompass both bulk and rhizosphere soil N 
cycling dynamics will lead to a more comprehensive understanding of total system 
influences on N transformations. 
 
1.3 Dissertation Objectives 
The main objectives of this dissertation are to assess the impacts of organic and 
inorganic fertility inputs on crop productivity and soil quality as well as N cycling 
dynamics in intensively managed vegetable production systems in the Midwest U.S. To 
achieve these objectives, a three year field trial was conducted to compare repeated 
application of four fertility treatments (urea, chicken litter, green manure, unfertilized 
control) in a dominant Midwest soil type (Drummer silt loam). This dissertation is 
divided into two main topics, however, the overall theme is based on soil responses to 
fertility management. The first part of this dissertation focuses on the applied aspects of 
fertility management, and how repeated application of inorganic and organic fertility 
amendments influence vegetable productivity and soil quality in common Midwest 
vegetable production systems (Chapter 2). The second part of this dissertation focuses on 
a more basic investigations of soil microbial ecology, and seeks to better understand how 
fertility management effects nitrification (Chapter 3) and denitrification (Chapter 4) in 






1. Quantify the impacts of fertility management on soil nutrients, indicators of soil 
quality, and vegetable productivity in high tunnel and open field vegetable 
production systems (Chapter 2).  
2. Assess the impacts of fertility inputs on nitrification dynamics and the ecological 
structure of ammonia oxidizing archaea and bacteria in bulk soil and the 
Capsicum annuum rhizosphere (Chapter 3). 
3. Investigate the potential for fertility sources to influence the structure and 
function of denitrifying microorganisms in bulk soil and the Capsicum annuum 
rhizosphere (Chapter 4). 
The synthesis of the significant results from Chapters 2 through 4 are summarized in 
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CHAPTER 2.  SUSTAINING SOIL QUALITY IN INTESIVELY MANAGED HIGH 
TUNNEL VEGETABLE PRODUCTION SYSTEMS; A ROLE FOR GREEN 
MANURES AND CHICKEN LITTER 
2.1 Abstract 
Use of high tunnel crop production is expected to increase in order to meet the growing 
demand for locally-produced fresh market vegetables. These structures have the potential 
to offer many production benefits, however, managing soil quality in these structures is 
challenging and work in the area is limited. In this three year study, we compared the 
impacts of organic and inorganic fertility amendments on soil quality, nutrient 
availability, and the productivity of chard (Beta vulgaris L.) and sweet peppers 
(Capsicum annuum L.) produced in high tunnel and open field systems. Fertility 
amendments included a green manure treatment (hairy vetch (Vicia villosa Roth) and 
dehydrated alfalfa meal), partially composted and pelletized chicken litter, urea, and an 
unfertilized control. Chard was grown in 2011, and peppers were grown in 2012 and 
2013. Soil nutrients, microbial activity, active carbon, pH, electrical conductivity (EC), 
total soil organic matter, and yield were quantified. Chard yield was lower in the high 
tunnel compared to the open field in 2011, but pepper yield was greater in the high tunnel 
in 2012 and 2013. Productivity of chard was lower in the green manure compared to urea 
in 2011 across high tunnel and open field production systems, but no difference in pepper 





Repeated application of green manure and chicken litter resulted in soils with increased 
microbial activity and active carbon, but the green manure was the only treatment 
successful at accruing carbon in the high tunnel over time. High tunnel production 
resulted in greater EC compared to the open field, but levels were not considered 
inhibitory for chard or peppers. High tunnels can increase vegetable crop productivity in 
the Midwest United States, and organic fertility amendments can improve soil quality as 
measured by soil microbial activity and active carbon in high tunnel and open field 
production systems.  
 
2.2 Introduction 
Demand for fresh, locally sourced vegetables that are marketed directly to 
consumers is increasing across the United States (Timmons and Wang, 2010). One major 
trend among growers targeting these markets is the use of high tunnels to extend the 
growing season for increased crop productivity. High tunnels, or polytunnels, are 
structures covered by a single or double layer of polyethylene and are usually passively 
ventilated. They create a more controlled growing environment by offering protection 
from weather extremes, control of water and fertility management, and greater control of 
some plant pathogens leading to increased yield and quality of produce (Lamont, 2009; 
O'Connell et al., 2012; Pottorff and Panter, 2009). However, growers utilizing high 
tunnels must overcome production challenges including balancing increased nutrient 
needs and soil degradation resulting from intensive production practices (Knewtson et al., 
2010a; O'Connell et al., 2012; Reeve and Drost, 2012). In light of the fact that federally-





more than 10,000 high tunnels since 2010 (G. Gilbert, personal comm.), the best 
approaches to meeting these challenges is a critical question. 
Soil quality is broadly defined as the ability of a soil to function in terms of 
sustaining plant productivity and moderating water and air quality, all while allowing for 
improvement in human health and habitation (USDA, 2014). Managing soil quality is 
difficult in intensively managed vegetable systems where regular tillage and substantial 
inputs are required to attain a desired level of crop productivity. Managing soil quality is 
likely to be even more challenging for vegetable growers utilizing high tunnel structures 
due to longer, more intensive cultivation and modification of the soil system. As the use 
of these structures continues to increase, there is a critical need for research that will 
identify management practices that maintain or improve soil quality within these systems. 
Organic fertility amendments have potential to improve soil quality while meeting 
nutrient needs in high tunnel systems. However, timing nutrient availability with periods 
of critical nutrient uptake with organic amendments can be difficult because the 
amendments must mineralize before they are available for plant uptake. Animal manures 
are commonly applied in high tunnel production systems and they have previously been 
shown to meet crop nutrient requirements (Knewtson et al., 2010a, b). Amending soil 
with animal manures can benefit the soil system by inputting carbon (C) and organic 
nutrients, though repeated use can result in phosphorus (P) accumulation because plants 
need more nitrogen (N) relative to P, and P accumulation can lead to negative 
environmental impacts (Edmeades, 2003). Further, soluble salts have been shown to 
accumulate with prolonged use of animal manures (Yao et al., 2007). Excessive levels of 





Accumulation of salts is of particular concern in high tunnels, where decreased exposure 
to rainfall and higher temperatures prevents leaching and increases evapotranspiration. 
One alternative strategy to meet fertility needs and improve soil quality in high 
tunnels without the negative soil quality impacts that could result from animal manures is 
the use of green manures. Green manure fertility sources include cover crops that are 
tilled under prior to seeding or transplanting, or the incorporation of dehydrated plant 
materials recovered at another location. Legumes (e.g. hairy vetch) are a popular choice 
due to their ability to fix atmospheric N and their narrow C to N ratio, which results in 
rapid mineralization and release of plant available nutrients for subsequent crops. The 
benefits of green manures on soil and water quality are well established in exposed 
agricultural settings (Snapp et al., 2005). For example, incorporating legumes as green 
manure maintains nutrient pools with longer mean residence times, thus reducing nutrient 
loss via leaching (Komatsuzaki and Ohta, 2007; Snapp et al., 2005). These C-rich 
amendments can also replenish labile C pools that aid in the biochemical conversion of 
key plant nutrients (Drinkwater and Snapp, 2007). However, while green manure 
amendments have been tested for their impacts on crop productivity in high tunnels 
(Araki et al., 2008; O’Connell et al., 2012), their impact on soil quality has not been 
conclusively demonstrated. 
The goal of this study was to determine how soil quality and vegetable 
productivity are impacted by organic and inorganic fertility amendments in high tunnel 
and open field production systems. We predicted that animal and green manure 
amendments could meet crop needs and increase soil quality relative to an inorganic 





the potential negative side effects that animal manures can have in high tunnel systems. 
This trial was conducted side by side in a high tunnel and open field setting to understand 
how the production systems alter N availability and influence the potential soil quality 
benefits of these amendments. The experiment was conducted over three years, and 
quantified the impacts of repeated application of fertility amendments on soil nutrients, 
indicators of soil quality, and vegetable crop yield. 
 
2.3 Materials and Methods 
 
2.3.1 Site Description and Soil Treatments 
Field trials were conducted at the Meigs Horticulture Research Farm (40°17'21"N, 
86°53'02"W), a subsection of Throckmorton Purdue Agriculture Center, located in 
Tippecanoe County, Indiana. The mean annual precipitation at this site is 1008 mm, and 
summer temperatures typically range from 21.1 to 26.7 °C with mean maximum 
temperatures reaching 29.5 °C. Soil at this site is from the Drummer soil series (fine-silty, 
mixed, mesic Typic Endoaquoll) that typically contains ~3.2% organic matter and has a 
neutral pH. Previous management history at this site (2002-2009) consisted of a 
conventional corn/soybean (Zea mays L./Glycine max (L.) Merr.) rotation with variable 
rates of fertilizer depending on the crop that was grown. In 2010, high tunnels (14.6 x 7.9 
x 3.7 m, Quonset-frame, 6-mil single-layer polyethylene) were constructed in an East to 
West orientation at this site, and adjacent open field settings of the same size were left 
uncovered for comparison trials. Our study was conducted in one of the high tunnel and 





Soil fertility amendments used in this trial included: 1) green manure consisting of 
fall seeded (broadcast at 33.6 kg ha-1) hairy vetch (Vicia villosa; Johnny’s Selected Seeds, 
Albion, ME) supplemented with dehydrated alfalfa meal ((3.0N–0.2P–0.8K); Fertrell, 
Pennsylvania, USA); 2) animal manure (partially composted and dehydrated chicken 
litter, 3.0N–0.9P–2.5K, Fertrell), 3) urea (46N–0P–0K) and 4) unfertilized control. The 
animal manure and green manure were supplemented with Phostrell (0N–2.6P–0K, 
Fertrell) and sulfate of potash (0N–0P–43.2K, Fertrell) and urea was supplemented with 
triple super phosphate (0N–20.1P–0K) and potassium chloride (KCl; 0N–0P–49.8K), to 
provide additional P and potassium (K) as needed to meet recommended crop nutrient 
needs. The annual fertility contribution of the hairy vetch green manure crop was 
estimated by calculating the amount of dry biomass and determining the N content of 
subsampled tissue by combustion analysis. All amendments were incorporated in the 
spring of each growing season to a depth of 15.0 cm. 
 
2.3.2 Experimental Design 
Field plots were established in spring 2011 using a randomized complete block 
design with four replicates in the high tunnel and adjacent open field settings. 
Experimental subplots measured 5.5 m2. Amendments were applied at a rate of 112 kg N 
ha-1, 49.3 kg P ha-1, and 83 kg K ha-1 in 2011 based on initial soil nutrient analysis and 
nutrient requirements for swiss chard (Maynard and Hochmuth, 1997), and the green 
manure treatment consisted solely of dehydrated alfalfa meal. Swiss chard (Beta vulgaris 
‘Fordhook Giant,’ Johnny’s Selected Seeds, Winslow, ME) was direct-seeded at a rate of 





28 Apr. 2011, and drip tape was placed every 0.5 m. Chard plants were thinned to a 30 
cm in-row spacing resulting in 14 plants per plot (2.6 plants m-2). Amendment application 
rates were increased in subsequent growing seasons to compensate for low yields 
observed in chard plants in 2011, and greater nutritional needs for sweet peppers 
(Maynard and Hochmuth, 1997) grown in 2012 and 2013. Rates were adjusted to 168 kg 
N ha-1 for urea, 196 kg N ha-1 for animal manure and 336 kg N ha-1 for green manure 
based on initial soil nutrient analysis and estimated N availability from broiler litter (Bary 
et al., 2000) and legume biomass (Sarrantonio, 1994). Additionally, P and K application 
rates were adjusted to 98.6 kg P ha-1 and 186 kg K ha-1. Sweet pepper (Capsicum annuum 
‘California Wonder,’ Burpee Seeds, Warminster, PA) transplants were started in the 
greenhouse in mid-Mar. each growing season. Raised beds with a height of 30 cm and 
width of 60 cm were constructed in each subplot. Drip tape was placed in each raised bed, 
and covered with black plastic mulch to control weeds within and between rows. In both 
settings, peppers were transplanted with a 45 cm in-row and 60 cm between-row spacing 
for a total of 12 plants per plot (2.2 plants/m2). In 2012, peppers were planted on 3 May 
and 23 May in the high tunnel and open field, respectively, which reflected standard 
grower practice for planting earlier in high tunnels relative to open field settings. In 2013, 
peppers were planted on 5 June and 7 June in the high tunnel and open field, respectively, 
to determine the potential benefits of the high tunnel on crop productivity beyond the 
earlier planting date that can be achieved. High tunnel irrigation rates were set to supply 
approximately two liters of tap water per plant per day. Irrigation was applied in the open 
field setting as needed in the absence of rainfall events. Soil moisture content was 





portable soil moisture probe (FieldScout TDR 300,  Spectrum Technologies, Inc., 
Plainfield, IL), particularly during times of intense heat, to ensure crop water 
requirements were being met. Weeds between rows and at the base of each plant were 
pulled by hand as needed. Insects and plant pathogens did not reach critical thresholds in 
our trials, and pesticides were not applied at any time during the study. Air temperatures 
were monitored at 1.5 m above the soil surface at the center of each production system 
throughout each growing season in both the high tunnel and open field settings using data 
loggers (WatchDog Series 125, Spectrum Technologies, Inc., Plainfield, IL). 
 
2.3.3 Soil Sampling and Analysis 
Prior to plot establishment, ten baseline soil samples were randomly collected 
from each block in Apr. 2010 using a 2.0 cm diameter soil probe to a depth of 30 cm, 
pooled and homogenized to determine baseline fertility and soil quality parameters. 
Subsequent soil sampling was conducted in each treatment plot at 63 to 70 days post 
amendment incorporation (midseason), and at the conclusion of each season (end-of-
season) as described above. Midseason soil sampling occurred on 30 June 2011, 6 July 
2012, and 6 Aug. 2013 in the high tunnel, and on 30 June 2011, 1 Aug. 2012, and 6 Aug. 
2013 in the open field. End-of-season soil sampling occurred on 29 Sept. 2011, 10 Oct. 
2012, and 11 Oct. 2013 in the high tunnel, and on 29 Sept. 2011, 9 Oct. 2012, and 11 Oct. 
2013 in the open field. All samples were placed in polyethylene bags, and stored on ice 
for transport to the lab. Aliquots of each soil sample were either stored at 4.0 ºC, or air 





Soil pH and electrical conductivity (EC) of all midseason samples were 
determined by a soil suspension method using a 1:2 soil to deionized water ratio (Kalra, 
1995; Dellavalle, 1992). Measurements were taken using a multi-meter (sensION+ 
mm150, Hach Company, Loveland, CO). Ammonium- (NH4+-N) and nitrate/nitrite- 
(NOx-N) N concentration of all midseason and end-of-season samples were determined 
colorimetrically (AQ2 Discrete Analyzer, SEAL Analytical, Mequon, WI) following KCl 
extraction. Concentrations of NH4+-N and NOx-N were combined and expressed as 
mineral N. Total nutrient analysis of 2013 end-of-season samples was determined by 
Midwest Laboratories (Omaha, NE) according to common soil analysis methods for this 
region (Brown, 1998). Organic matter was determined using loss of weight on ignition, 
available P was extracted as Weak Bray (readily available P) and Strong Bray 
(potentially available P) and analyzed colorimetrically, exchangeable K, calcium (Ca), 
and magnesium (Mg) were extracted with neutral ammonium acetate (1 N) and quantified 
by Inductively Coupled Argon Plasma Mass Spectrometry (ICAP-MS) detection, base 
saturation and cation exchange capacity (mmol(+) kg-1) were estimated from the results of 
exchangeable minerals (Brown, 1998). 
Microbial activity was estimated using the hydrolysis of fluorescein diacetate 
(FDA) in soil slurries on all midseason soils using a method optimized for soil (Green et 
al., 2006). Active C was quantified using the permanganate oxidizable carbon (POXC) 
technique (Weil et al., 2003) on all midseason soil samples. Reacted samples and 
standards were measured on a plate reader (BioTek Epoch, BioTek, Winooski, VT) at 






2.3.4 Plant Measurements and Yield 
Relative chlorophyll content was estimated using a portable chlorophyll meter 
(SPAD 502, Minolta Corporation, Ramsey, NJ) every four weeks during the growing 
season. Three readings of newly developed leaves from each plant were averaged, and 
four plants per treatment plot were measured. In 2011, chard was harvested three times 
by cutting all leaves 5.0 cm above the growing point beginning on 12 June 2011 and 
ceasing on 16 Sept. 2011 for both the open field and high tunnel. In 2012 and 2013, 
pepper fruit were harvested every three to four weeks when all treatment plots had mature 
fruit. All mature fruit at the green or red stage were removed, and immature fruit were 
left on the plant. Harvests in the high tunnel began on 12 July 2012 and 6 Aug. 2013 and 
ceased on 26 Sept. 2012 (four harvests) and 2 Oct. 2013 (four harvests). Harvests in the 
open field began on 31 July 2012 and 8 Aug. 2013 and ceased on 5 Oct. 2012 (three 
harvests) and 2 Oct. 2013 (four harvests). Peppers were separated into marketable and 
unmarketable categories. Fruit with blossom end rot incidence, sunscald and severe 
physiological deformities were considered unmarketable. Marketable fruits were graded 
based on USDA standards (USDA, 2005). All yield measurements were adjusted to a per 
plant basis at the time of each harvest to account for destructive plant sampling and plant 
loss throughout the growing season. Data for each harvest was combined and reported as 
total yield across the season. 
 
2.3.5 Statistical Analysis 
Statistical analyses were carried out using SAS 9.2 (SAS Institute, Cary, NC). 





production system, fertility treatment, and their interaction. A weighted two-way 
ANOVA model was used when the homogeneity of variance was significant (P ? 0.05) 
according to Levene’s test. Changes in soil quality indicators over time were assessed 
using linear regression (proc REG). Differences were determined as significant at the P ? 
0.05 probability level, unless otherwise stated. All multiple comparisons were made using 
Tukey adjusted least-square means when the ANOVA F-test was statistically significant 




2.4.1 Yield and Fruit Grades 
In 2011, chard yield was greater in the open field than the high tunnel (Table 2.1), 
and yield was greater in the urea treatment than the green manure. In 2012 and 2013, 
marketable pepper yield was greater in the high tunnel than in the open field, whereas 
unmarketable yield was lower in the high tunnel in both seasons. Fertility treatments did 
not impact the yield of marketable fruit in 2012, but did impact unmarketable yield, 
where the animal manure was greater than the control. In 2013, marketable yield was 
greater in plants receiving fertility inputs than the control, and the yield of unmarketable 
fruit was lower in the green manure compared to urea and animal manure treatments. 
Pepper fruit grade was also impacted by production system and fertility 
treatments. Across both years, peppers grown in the high tunnel produced greater 
numbers of all fruit grades compared to the open field (Table 2.2). In 2012, plants 





control. Differences between fertility treatments were observed among all measured fruit 
grades in 2013. On average, plants receiving fertility inputs produced greater numbers of 
U.S. Fancy and U.S. No. 1 than the control with the exception of U.S. No. 2, where only 
the animal manure was greater than the control. 
 
2.4.2 Mineral Nitrogen and Leaf SPAD 
Midseason mineral N was impacted by production system in all growing seasons. 
In 2011 and 2013, mineral N was greater in the open field compared to the high tunnel 
(Table 2.3). In contrast, in 2012, greater amounts of mineral N were observed in the high 
tunnel. Fertility treatments only had a significant impact on midseason mineral N in 2011 
when urea and animal manure treatments were greater than the control. A significant 
production system x fertility treatment interaction on midseason mineral N was observed 
in 2011, and was driven by higher mineral N in the open field (OF) compared to the high 
tunnel (HT) in the animal manure (OF, 21.2 mg kg-1; HT, 10.3 mg kg-1; P = 0.0074) and 
green manure (OF, 19.2 mg kg-1; HT, 6.77 mg kg-1; P = 0.0020) treatments.  
Mineral N in end-of-season soil samples was impacted by production system in 
2011 and 2013. In 2011, more mineral N was observed in the open field compared to the 
high tunnel, while in 2013 there was greater mineral N in the high tunnel. Fertility 
treatments had a significant impact on end-of-season mineral N in 2012 only when the 
green manure treatment was greater than the control. A significant production system x 
fertility treatment interaction was observed in 2011 and 2012 for end-of-season mineral N. 
In 2011, this interaction was mainly influenced by green manure treatments where greater 





kg-1; P = 0.0309). Similarly, in 2012, end-of-season mineral N in the green manure was 
greater in the open field (OF, 15.3 mg kg-1; HT, 10.9 mg kg-1; P = 0.0331). 
Relative leaf chlorophyll abundance as estimated by a SPAD meter was not 
significantly different between plants receiving fertility inputs at all sampling points 
during each growing season in either the high tunnel or open field system (data not 
shown). 
 
2.4.3 Soil Quality 
Soil microbial activity as estimated by FDA hydrolysis was not significantly 
different between production systems until 2013 when the high tunnel had a greater 
enzyme level than the open field (Table 2.4). The impact of fertility treatments on 
microbial activity was also not significantly different until 2013 when the soils receiving 
animal manure and green manure inputs had greater FDA hydrolysis than the urea and 
control treatments. Regression analysis of microbial activity over the course of the 
experiment indicated that animal manure and green manure treatments supported 
enhanced microbial activity in the high tunnel over time as shown in Fig. 2.1. In contrast, 
a significant decline in microbial activity was observed in the control in the open field. 
Active soil C, estimated by POXC, was significantly impacted by production 
system in 2011, where the high tunnel had a greater amount of POXC than the open field. 
In contrast, fertility treatments impacted active C in all growing seasons (2011 to 2013). 
In 2011, soils receiving animal manure inputs were greater than the control, whereas in 
2012, both animal manure and green manure treatments had greater amounts of POXC 





resulted in greater POXC when compared to urea and control treatments, while the 
animal manure was only greater than the control. A significant production system x 
fertility treatment interaction on POXC was observed in 2013, suggesting that fertility 
treatments impact active C differently between production systems. This interaction was 
largely driven by differences in the control between the two systems, with greater levels 
of active C in the open field relative to the high tunnel system (OF, 509.1 mg POXC kg-1 
soil; HT, 382.8 mg POXC kg-1 soil; P = 0.0062). Regression trends in POXC over the 
course of the experiment revealed that the green manure treatment accrued active C over 
time in both the high tunnel and open field as shown in Fig. 2.2, while a significant 
increase in POXC was also observed in the urea treatment, but only in the open field. 
Soil pH was unaffected by production system following three years of vegetable 
production, however, fertility treatments did have a significant impact on soil pH. 
Application of urea resulted in lower pH compared to animal manure and green manure 
treatments, and the animal manure had a greater pH than the control (Table 2.5). 
Furthermore, EC was greater in the high tunnel compared to the open field, and repeated 
application of animal manure and green manure inputs resulted in higher EC values 
compared to the control, but were not different from urea (Table 2.5).  
 
2.4.4 Total Soil Nutrients 
Soil P was significantly impacted by both production system and fertility treatment. 
The high tunnel contained more available P (Bray-1 P) and potentially available P (Bray-
2 P) than the open field (Table 2.5). Bray-1 P, which represents P readily available to 





control treatments. A significant production system x fertility treatment interaction was 
observed in Bray-1 P, and was mainly driven by differences in available P in the urea 
treatment between the high tunnel and open field (HT, 58.3 ppm; OF, 32.8 ppm; P = 
0.0002). Bray-2 P was greater in both the animal manure and green manure treatments 
than urea and control treatments, while urea was greater than the control (Table 2.5). Soil 
K was not affected by production system, however, levels of K were greater in the green 
manure treatment compared to urea and control treatments (Table 2.5). Similarly, percent 
base saturation of K was greater in the green manure treatment than urea and control 
treatments (Table 2.5). Soil Mg, Ca, cation exchange capacity, % Mg, % Ca, and total 




The impact of high tunnel versus open field production on the yield of many 
economically important vegetable crops has been well studied. While some investigations 
report increased vegetable yields in high tunnels (O’Connell et al., 2012; Waterer, 2003), 
others have reported similar or reduced levels of productivity (Rogers and Wszelaki, 
2012; Wallace et al., 2012). In this study, we confirm that high tunnel production can 
increase vegetable crop productivity compared to open field production systems at the 
same location, but plant type plays a major role. In 2011, chard yield was lower in the 
high tunnel compared to the open field. Chard is a cool season crop, and the lower 
productivity observed in the high tunnel may have resulted from greater temperatures, 





in the high tunnel may have resulted from the lower mineral N observed in the high 
tunnel compared to the open field in 2011. Sweet pepper marketable fruit yield and the 
number of all fruit grades was greater in the high tunnel in both 2012 and 2013. The fact 
that sweet peppers were planted 20 days earlier in the high tunnel in 2012 likely 
improved yield compared to the open field during this season. However, even when 
planting date was only two days earlier in the high tunnel in 2013, significantly greater 
pepper yield was still observed inside the tunnel. These results indicate that vegetable 
growers need to carefully consider the choice of crop plants for use in high tunnel 
systems during main season production. 
Meeting crop nutrient needs in high tunnels can be challenging, especially when 
using organic fertility amendments, due to higher nutrient requirements expected as a 
result of greater crop productivity in these systems. For example, in this study, we 
suspect that the green manure did not mineralize fast enough to meet the early season 
crop nutrient needs for chard in 2011, as evidenced by the lower yield in these plots 
relative to the urea treatment. However, by midseason, soil mineral N was not different 
from the animal manure and urea treatments, indicating that the green manure could 
effectively supply N needs at this time. In 2012 and 2013, there were no differences in 
pepper yield between green manure, animal manure, and urea treatments when green 
manure rates were increased and included a hairy vetch cover crop along with the 
dehydrated alfalfa meal, demonstrating that green manure amendments can meet crop 
fertility needs. Yields in the animal manure treatments did not differ from urea in any 
growing season, confirming that these amendments mineralize rapidly and can be used to 





have reported similar yields from animal manure and inorganic fertility amendments in 
high tunnel (Reeve and Drost, 2012) and open field (Brown et al., 1994; Drinkwater et al., 
1998) systems. 
Fertility management using organic amendments during vegetable production has 
been shown to promote greater soil quality compared to conventional practices 
(Drinkwater et al., 1995). Our results confirm that organic fertility amendments have the 
potential to improve soil quality in high tunnel as well as open field production systems, 
whereas intensive production with inorganic fertility amendments may reduce soil quality 
over time. After three years of intensive vegetable production, plots amended with animal 
manure and green manure had greater soil microbial activity than the urea and control 
plots in both production systems. This corresponds with previous studies that have 
demonstrated that soil incorporation of plant and animal byproducts can enhance soil 
biological activity compared to inorganic fertilizers in exposed agricultural settings 
(Bandick and Dick, 1999; Drinkwater et al., 1995; Mader et al., 2002). These results are 
important for vegetable growers to consider, as soil microbial activity directly contributes 
to crop productivity and has potential to help make crop systems more resistant to biotic 
and abiotic stress. For example, greater microbial activity as measured by FDA 
hydrolysis has been correlated with potential N mineralization (Drinkwater et al., 1995) 
and suppression of pathogens in pepper and tomato production (Boehm et al., 1997; Kim 
et al., 1997a,b). While disease was not observed in this study, our results indicate that 
fertility management does directly influence soil microbial activity, and these changes 
could potentially influence crop productivity in the presence of pathogens or other plant 





2013 also likely contributed to the greater end-of-season mineral N observed in the high 
tunnel system, which could help growers maintain crop productivity into the extended 
autumn growing season. 
Active soil C, characterized using a POXC assay, has been shown to be a 
sensitive indicator of changes in soil C in response to agricultural management (Culman 
et al., 2012; Weil et al., 2003), and previous studies have shown that cover crop 
incorporation and application of animal manures increase POXC relative to inorganic 
fertility inputs (Culman et al., 2013). Similarly, we found that the application of animal 
manure and green manure fertility amendments resulted in higher levels of active soil C 
following repeated amendment application. While use of animal manure increased POXC 
relative to the control in each year of this trial, the green manure was the only treatment 
successful in accruing active C over time in both high tunnel and open field production 
systems. Because high tunnel structures increase soil temperatures (Wien, 2009), soil in 
these systems are likely more prone to C loss via increased microbial respiration. These 
findings are important for vegetable growers, particularly those using organic sources of 
fertility.  Labile soil C pools contribute to soil tilth and provide energy for the 
mineralization of organic matter needed to supply beneficial microorganisms with 
adequate nutrients and energy. Evidence also suggests that N mineralization is positively 
correlated with levels of active C (Sano et al., 2006), which is essential to making 
nutrients available for plant uptake with organic amendments. On the other hand, 
repeatedly applying inorganic fertilizers could lead to an imbalance in soil nutrient 
cycling, increasing dependence on these sources to meet desired levels of crop production 





crops as green manures can increase active C in high tunnel systems, the time necessary 
to establish a substantial cover crop might interfere with early planting of vegetable crops. 
Alternatively, growers could obtain the soil quality benefits of cover crops in high tunnels 
by planting them in the middle of summer, when the greater heat experienced in high 
tunnels is excessive for some vegetable crops. 
Soil pH is a major driver of practically all chemical and biological properties in 
soil. Fluctuations in soil pH can alter the availability of macro- and micro-nutrients, and 
can also affect the composition and function of soil microbial communities. In the 
absence of rainfall leaching events in high tunnels, there is potential for irrigation water 
to raise soil pH in areas like the Midwest where groundwater can be alkaline. In our study, 
soil pH was unaffected by production system, but we did observe impacts from the 
fertility treatments. After three years of intensive vegetable production, soil pH in the 
urea treatment was lower than treatments receiving animal manure or green manure 
inputs. Reduced soil pH as a result of inorganic fertilization has long been understood 
(Fox and Hoffman, 1981). While fertilization with urea shifted the pH to a level more 
optimal for chard and sweet pepper in this study (pH 6.0 to 7.0), prolonged use could 
require additional inputs to balance pH in order to maintain nutrient availability and 
tolerable conditions for plant growth. For example, in the Midwest, frequent applications 
of lime are often needed to maintain soil pH at optimal levels for crop growth. Our results 
indicate that green manure amendments have the potential to maintain soil pH, and 






One major drawback of high tunnels, especially when using organic fertility 
sources, is the potential for soluble salt accumulation. In our trial, the high tunnel system 
had a greater EC compared to the open field after just three years of repeated fertility 
application. Elevated levels of EC in the high tunnel is likely a result of reduced leaching 
and increased rates of soil water evapotranspiration due to higher temperatures observed 
in these systems. Though our observed EC measurements were considered “nonsaline” 
and not in the range considered inhibitory to plants such as bell pepper (0.41 to 0.8 dS m-
1) or chard (1.21 to 1.6 dS m-1) (Dellavalle, 1992), prolonged cultivation in these 
structures without remedial measures could lead to excessive salt buildup (Knewtson et 
al., 2010b). Both animal manure and green manure treatments had greater EC relative to 
the control, but were not different from treatments receiving urea. Increased soil salinity 
has previously been attributed to the use of animal-based manures (Edmeades, 2003), 
particularly poultry manure (Azeez and Van Averbeke, 2012), and frequent application 
could potentially result in problems for vegetable growers in high tunnels. Increased 
levels of EC in the green manure treatment in our study was likely a result of additional 
amendments used to supplement P and, in particular, K, as we observed the greatest 
levels of available K in this treatment, and these amendments should be carefully 
balanced in high tunnel systems. In the case that salt levels become problematic for 
vegetable production, using moveable tunnels would allow growers to cycle between 
cultivated and fallow soil, possibly helping reduce buildup of soluble salts. 
Another possible drawback of high tunnel systems is the potential to accumulate 
excessive levels of nutrients which can negatively impact crops and lead to water quality 





comparison to the open field, and was greater in urea and animal manure treatments, 
indicating the potential for P loading when applying either inorganic or animal-based 
manure fertilizers in high tunnel systems. Our findings are consistent with other studies 
that have shown excessive P in soil receiving poultry litter amendments (Mikkelsen, 2000; 
Reeve and Drost, 2012), and the potential consequences of high P loading are well 
explained by Rosen and Allen (2007). In contrast, the available soil P in green manure 
treatment was not different from the control, and our data suggests that much of the P 
supplemented remained in an active reserve pool (Bray-2 P). This indicates that 
mineralization of organic P sources could be problematic in high tunnel systems where 
soil moisture saturation is more limited than open field systems as a result of limited 
exposure to rainfall. High tunnel growers should perform routine soil nutrient analyses to 
monitor P levels, in order to meet crop nutrient needs and limit negative environmental or 
human health impacts associated with P accumulation. Application of animal-based 
manures should be limited to meeting crop P needs to limit P loading (Eghball and Power, 
1999). While expensive, a variety of soluble sources of fertility amendments like 
bloodmeal, which have high N relative to P, could be used to manage N fertility and limit 
P build-up when relying on organic amendments.  
 High tunnels offer the luxury of season extension in temperate climates by 
allowing environmental control during the early spring and late autumn leading to the 
potential for greater yield and produce quality. This study demonstrates that high tunnels 
can support enhanced productivity of sweet peppers compared to open field production 
systems in the Midwest United States. Furthermore, we show using chicken litter or a 





improved soil quality compared to a chemical fertilization regime in both high tunnel and 
open field systems. Managing fertility using animal manures or green manures could also 
aid in establishing nutrient pools with longer mean residence time, recoupling nutrient 
cycling and improving the resiliency of intensively cropped vegetable production systems 
(Drinkwater and Snapp, 2007). However, additional long-term research is needed to 
confirm that these amendments can be managed without salt and P build-up, which can 
reduce plant productivity and result in potential negative environmental and human 
health impacts. Further investigations assessing integrated fertility management practices 
and the use of several cover crops or mixes on high tunnel productivity and soil quality 
would also be valuable. In addition, research investigating additional methods of fertility 
management in high tunnel systems such as fertigation with soluble sources of nutrients 
to supplement soil amendments at critical crop uptake periods could lead to more targeted 
management and even greater crop productivity in vegetable cropping systems. 
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Figure 2.1. Soil (0 to 30 cm) microbial activity as estimated by the hydrolysis of 
fluorescein diacetate (FDA hydrolysis) and regression lines from four fertility treatments 
(UC, unamended control; UR, urea; AM, animal manure; GM, green manure) in high 
tunnel (?; dashed lines; HT) and open field (?; solid lines; OF) systems over three 
growing seasons (2011 to 2013). Error bars represent standard error. NS, *, and ** 







Figure 2.2. Soil (0 to 30 cm) active carbon as measured by permanganate oxidizable 
carbon (POXC) and regression lines from four fertility treatments (UC, unamended 
control; UR, urea; AM, animal manure; GM, green manure) in high tunnel (?; dashed 
lines; HT) and open field (?; solid lines; OF) systems over three growing seasons (2011 
to 2013). Error bars represent standard error. NS, *, and ** indicate no significance, 





CHAPTER 3. RHIZOSPHERE EFFECTS AND FERTILITY MANAGEMENT 
INFLUENCE NITRIFICATION AND AMMONIA OXIDIZERS IN 
INTENSIVELY MANAGED VEGETABLE PRODUCTION SYSTEMS 
3.1 Abstract 
Ammonia (NH3) oxidation, the first and rate-limiting step of nitrification, is carried out 
by ammonia-oxidizing archaea (AOA) and bacteria (AOB). Nitrification plays a critical 
role in removing NH3-N in agricultural soil systems as the end product of the nitrification 
process, nitrate (NO3-), is highly mobile in soil water and subject to leaching, and can 
also be used as a substrate in denitrification. However, the ecological mechanisms 
regulating nitrification are poorly characterized for soils in the Midwest U.S., despite this 
region being notorious for NO3- leaching. Additionally, fertility management can 
influence N cycling dynamics, but their impacts on nitrification in the plant’s rhizosphere 
is not well understood. We compared the impacts of inorganic and organic fertility 
management on soil chemical properties, potential nitrification activity (PNA), and the 
abundance (via qPCR) and community structure (T-RFLP) of ammonia oxidizers in bulk 
soil and the Capsicum annuum rhizosphere. Fertility treatments consisted of urea, animal 
manure, green manure, and an unfertilized control that were applied seasonally from 
2011 to 2013. Soil PNA was greater in the Capsicum rhizosphere compared to bulk soil, 
however, neither AOA nor AOB abundance were different between the two fractions. On 





was not different from urea or green manure treated soils. The abundance of AOA and 
AOB were only impacted by fertility treatments in bulk soil, where urea increased AOA 
and AOB abundance relative to the green manure and control, respectively. However, 
PNA was greater in bulk soil receiving animal manure and green manure in comparison 
to urea and the control. The AOB community structure was influenced by soil fraction 
and fertility amendments, although no measured explanatory variable significantly 
explained variation in AOB structure. A strong correlation was observed between PNA 
and AOB abundance, suggesting that AOB rather than AOA more tightly controlled 
nitrification in this system. Further, while PNA was elevated in the Capsicum rhizosphere, 
fertility management more strongly influenced nitrification dynamics in the bulk soil. 
These findings suggest that fertility management differentially impacts nitrification and 
ammonia-oxidizer community dynamics in different soil fractions, and rhizosphere 
effects influence N cycling in Midwest vegetable production systems. 
 
3.2 Introduction 
Nitrogen (N) fertilizer inputs have dramatically increased crop productivity over 
the last 50 years, however, only about 50% of N supplied in agricultural systems is 
utilized by the crop (Smil, 1999). The remaining N is subject to loss via processes largely 
mediated by soil microorganisms. Nitrification is a major part of the soil N cycle 
directing the pathway of potential N removal from agricultural systems. During 
nitrification, ammonia (NH3) is oxidized to nitrite (NO2-) which is then oxidized to nitrate 
(NO3-). The rate-limiting step in the nitrification process is the conversion of NH3 to NO2-, 





containing a functionally equivalent ammonia monooxygenase. The function of these 
organisms is of particular importance for retaining fixed reduced NH3 in agricultural soils, 
as NO3- is highly soluble and mobile traveling with water which can lead to 
eutrophication of waterways. Alternatively, NO3- can undergo complete or partial 
reduction resulting in dinitrogen (N2) or nitrous oxide (N2O) release, respectfully; N2O is 
a potent greenhouse gas. In the Midwestern United States, nitrification processes play a 
critical role in controlling NO3- loading in the Gulf of Mexico. In particular, Corn Belt 
states comprise only 15% of the total watershed ultimately emptying to the Gulf, but are 
responsible for more than 50% of the NO3-N discharged (Goolsby, 1999). Soils from the 
Drummer series cover more than 1.7 million acres across the Midwestern U.S. (Soil 
Survey Staff, 2014), representing an extensive land area in which nitrification dynamics 
are poorly characterized. 
Ecological factors regulating the structure and function of AOA and AOB 
communities could influence N loss from agricultural systems. However, there has been 
much debate on the importance of AOA versus AOB in agricultural systems. For 
example, potential nitrification rates have been correlated with AOA population size in 
some studies (Hallin et al., 2009; He et al., 2007), while in other studies nitrification rates 
are correlated with the size of the AOB population (Ai et al., 2013; Glaser et al., 2010; Jia 
and Conrad, 2009). The relative contribution of AOA and AOB to nitrification in 
agricultural systems appears to be site specific and influenced primarily by pH and NH4+ 
(Prosser and Nicol, 2012), both of which can be directly impacted by fertilization 
practices. Nitrogen fertilizers in the form of NH4-N or urea are commonly applied in 





and legume cover crops) are increasingly being used because of positive impacts on soil 
quality (Edmeades, 2003; Mader et al., 2002) and potential for reduced NO3- leaching 
relative to inorganic fertility sources (Drinkwater et al., 1998; Kramer et al., 2006). Less 
is known, however, about how nitrification dynamics are impacted by these alternative 
fertility sources, which differ in their N composition and availability. In some studies, 
AOB populations and nitrification activity were more stimulated by mineral N fertilizers 
than animal manure (Chu et al. 2008; Strauss et al. 2014). However, incorporation of 
animal manure in conjunction with mineral fertilizers (He et al., 2007) or a legume cover 
crop (Kong et al., 2010) resulted in greater nitrification activity and abundance of AOA 
and AOB or AOB, respectively, compared to mineral fertilizers alone. Additional 
research investigating how alternative fertility amendments influence nitrification and 
community dynamics of AOA and AOB in Midwest agriculture soils is needed to better 
understand mechanisms controlling N transformations. 
The plant rhizosphere is a zone of intense competition between soil 
microorganisms and plants for N compounds in soil. As a result, the interface is likely to 
play an important role in nitrification processes in agricultural systems. In many cases, 
nitrifying populations (Chen et al., 2008; Hussain et al., 2011; Kleineidam et al., 2011) 
and potential nitrification activity (Ai et al., 2013; Enwall et al., 2007) are enhanced in 
the rhizosphere compared to bulk soil. This has been attributed to higher rates of N 
mineralization (Herman et al., 2006) in the rhizosphere as a result of rhizodeposition, a 
process by which plants release organic C through roots stimulating ammonification from 
soil organic matter. However, limited knowledge exists on how alternative fertilizer 





found that a mineral fertilizer promoted nitrification activity in the rhizosphere of wheat 
and maize more than animal manure amendments, and was correlated with AOB 
population size, but not AOA. Additional studies quantifying impacts of alternative 
fertility sources on the structure and function of nitrifying communities in bulk versus 
rhizosphere soil will elucidate how this key plant-soil interface mediates N cycling in 
agricultural systems. 
In this study, we evaluated impacts of urea, chicken litter, a green manure (hairy 
vetch (Vicia villosa) cover crop plus alfalfa meal), and an unfertilized control on the 
structure and activity of ammonia oxidizing organisms in bulk soil and the rhizosphere of 
Capsicum annuum in a dominant Midwest U.S. soil type. Soil chemical properties, 
potential nitrification activity, AOA amoA and AOB amoA gene abundance, and the 
AOB amoA community composition were quantified. 
 
3.3 Materials and Methods 
3.3.1 Site Description, Soil Treatments, and Sampling 
The field trial was conducted at Throckmorton Purdue Agriculture Center 
(40.1722° N, 86.5303º W) in Tippecanoe County, Indiana. Soils were from the Drummer 
series (mesic Typic Endoaquoll). The following fertility amendments were applied over 
three growing seasons (2011-2013) at rates estimated to supply sufficient mineral N for 
the pepper crop: 1) urea, 2) partially composted and dehydrated chicken litter, 3) green 
manure (fall-seeded, spring incorporated hairy vetch (Vicia villosa) supplemented with 
dehydrated alfalfa meal), and 4) an unamended control. Initial soil characteristics, climate, 





(2014). Treatment plots were arranged in a randomized complete blocked design with 
four replicates. Ten replicate soil cores were collected within each plot to a depth of 15.0 
cm on August 10, 2013. Rhizosphere samples were obtained by removing two randomly 
selected plants from each treatment plot, and shaking off excess soil. Soil that remained 
intact with the roots was carefully removed to exclude plant material. Replicate samples 
were pooled in polyethylene bags, placed on ice during transport, and aliquots were 
stored at -80 °C, 4 °C, or air-dried upon arrival for downstream DNA isolation, potential 
enzymatic assays, and chemical analyses, respectively. 
 
3.3.2 Soil geochemistry 
Mineral N (ammonium (NH4+) and total NOx (NO3- and NO2-)) was quantified 
spectrophotometrically using a SEAL AQ2 discrete analyzer (SEAL Analytical, Mequon, 
WI ) following 1.0 M KCl extraction (1:2.5 soil to solution ratio w/v) of air-dried, 2.0 
mm sieved soil samples. Soil solution pH was measured in a slurry containing a 1:2 ratio 
of air-dried, 2.0 mm sieved soil to deionized water (Kalra, 1995). Total C and N were 
quantified by combustion on a FlashEA 1112 (Thermo Scientific, Waltham, MA, USA). 
Gravimetric soil moisture content was determined by drying 25 g of field moist soil at 
80 °C. 
 
3.3.3 DNA Extraction and Normalization 
Community genomic DNA (cgDNA) was isolated from approximately 0.5 g of 
soil in duplicate using PowerSoil DNA Extraction Kits (MoBio Laboratories, CA, USA) 





using a NanoDrop ND-1000 Spectrophotometer (Nanodrop Technologies, Wilmington, 
DE, USA), and concentrations of total extracted ds-DNA was determined using a Qubit 
2.0 Fluorometer (Life Technologies, Grand Island, NY, USA). Samples were normalized 
to ~10 ng/μL using filter-sterilized ultra-pure H2O. 
 
3.3.4 Quantitative PCR and Standard Preparation 
All qPCR reactions were carried out on a StepOne Real-Time PCR system 
(Applied Biosystems, CA, USA) in triplicate 15 μL reactions containing the following 
ingredients: 7.5 μL of Fast-SYBR Green Master Mix (Life Technologies, CA, USA), 4.5 
μL ultra-pure H2O, 1.0 μL each of 0.4 nM forward and reverse primers, and 1.0 μL of 
diluted cgDNA. Primers are listed in Table 3.1 and cycling protocols are given in Table 
3.2. The specificities of amplification were confirmed using a melting curve across the 
temperature range 60 to 95 ºC. Quantitative-PCR standards were created from purified 
pCR2.1-TOPO (Life Technologies) plasmid DNA including the target gene isolated from 
OneShot Top10 chemically competent E. coli (Life Technologies). Gene identity and size 
were confirmed through sequencing followed by nBLAST. Standard ranges, and qPCR 
efficiencies are given in Table 3.2. All R2 values were ?0.99 for both AOA and AOB 
amoA standard curves. 
 
3.3.5 Terminal Restriction Fragment Length Polymorphism of Bacterial amoA 
The bacterial ammonia monooxygenase, amoA, was PCR amplified in triplicate 50 
μL reactions with 5’-6-FAM forward primers described in Table 3.1, and the 





30 amplification cycles instead of 40). Replicate reactions were pooled and checked for 
amplification specificity on a 1.0% agarose gel. The amoA products were purified using 
ethanol precipitation, and were resuspended in sterile 18.0 M? H2O. One microgram of 
amoA product was digested using HaeIII (New England Biolabs, Beverly, MA, USA) 
according to the manufacturer’s instructions. Digested samples were submitted to the 
University of Illinois Core DNA Sequencing Facility for fragment analysis. Restriction 
fragments greater than 50 bp and less than 500 bp were used in downstream analysis. 
Noisy peaks were filtered from true peaks using a standard deviation of 1.0, and peaks 
were aligned with a clustering threshold of 0.5 bp in T-REX (Culman et al, 2009). Total 
peak area was relativized within each sample, and relative abundance across samples 
were averaged to create a matrix used in subsequent analysis. 
 
3.3.6 Potential Nitrification Activity
Assays for potential nitrification acitivity (PNA) were carried out using a 
microscale method based on ISO 15685 (Hoffmann et al. 2007). Briefly, 2.5 g of fresh 
soil was placed in a 50 mL flask and test medium (300 μM KH2PO4, 700 μM K2HPO4, 
10 mM sodium chlorate, and 1.5 mM (NH4)2SO4; pH 7.2) was added to create slurry with 
exact volume of 10 mL. The reaction was incubated at 25 °C and shaken at 175 rpm. At 2 
and 4 hours, 1.0 mL samples were collected and added to 1.0 mL 4.0 M KCl, briefly 
vortexed and centrifuged to separate soil particles. The resulting supernatant was 
removed and stored at -20 °C until analysis. Nitrite concentrations were determined 






3.3.7 Statistical Analysis 
All simple statistics, tests for normality and homogeneity of variance, and 
analysis of variance (ANOVA) were carried out in SAS 9.2 (SAS Institute, Cary, NC, 
USA). All data were initially checked for normality according to the Shapiro-Wilk test 
using PROC UNIVARIATE, and non-normal data were Box-Cox transformed using 
PROC TRANSREG. Levene’s test was used in order to test for homogeneity of variance 
when a two-way ANOVA model was used. One-way ANOVA was used to test impacts 
of fertility treatment  within either bulk or rhizosphere soil, and a two-way ANOVA was 
used to compare experiment-wide differences between fertility treatments and sample 
location (bulk versus rhizosphere soil) and their interaction using PROC GLM. 
Differences were determined as significant at the p ? 0.05 probability level, unless 
otherwise stated. All multiple comparisons were made using Tukey-adjusted least 
squared means when the ANOVA F-test was statistically significant.  
Multivariate analysis of bacterial amoA T-RFs was carried out in Canoco v.5 for 
Windows (Microcomputer Power, Ithaca, NY, USA). Redundancy analysis (RDA) with 
forward selection of environmental variables was initially carried in order to analyze the 
influence of environmental variables on amoA community structure. RDA revealed that 
no measured environmental variable significantly explained variation in the amoA 
community structure, so principal component analysis (PCA) was performed using 
environmental variables as supplementary data to determine how soil chemical and 







3.4.1 Soil Chemical Properties 
Soil pH was significantly impacted by fertility treatment within both bulk and 
rhizosphere soil. In bulk soil, lower pH was observed in the urea treatment compared to 
the animal manure and control treatments (Table 3.3). In the rhizosphere soil, application 
of urea resulted in lower pH compared to the green manure treatment and the unfertilized 
control. Collectively, urea reduced soil pH more than in all other treatments when 
compared across bulk and rhizosphere soils (Table 3.4). However, pH was not different 
between bulk and rhizosphere soil when compared across fertility treatments. 
Total C was unaffected by fertility treatments within bulk or rhizosphere soil. 
However, greater amounts of total C were observed in rhizosphere soil than in bulk soil 
when compared across fertility treatments (Table 3.4). Total N was greater in the green 
manure treatment compared to urea and control treatments for the bulk soil, and both 
green manure and animal manure treatments resulted in greater total N than the control in 
the rhizosphere (Table 3.3). When compared across sample locations, total N was greater 
in green manure and animal manure treatments compared to urea and control treatments 
(Table 3.4). More total N was observed in rhizosphere soil compared to bulk soil. 
Ammonium-N was greater in bulk soil receiving urea inputs than the green 
manure treatment (Table 3.3), but no differences were observed between fertility 
treatments within rhizosphere soil or when treatments were compared across sample 
locations. However, rhizosphere soil contained less NH4+-N than bulk soil (Table 3.4). 
Fertility amendments impacted NOx-N in rhizosphere soil where green manure and urea 





all treatments receiving fertility inputs than the control when compared across sample 
locations, and NOx-N was greater in the rhizosphere soil than in bulk soil (Table 3.4). 
 
3.4.2 Potential Nitrification Activity 
Soil PNA in the bulk soil was influenced by fertility treatment, but no difference 
was observed between fertility amendments in rhizosphere soil. Green manure and 
animal manure inputs promoted higher rates of PNA than urea and control treatments in 
the bulk soil (Fig. 3.1). When compared across sample locations, PNA was greater in soil 
receiving animal manure inputs than the unamanded control (Table 3.5). Greater PNA 
was also observed in rhizosphere compared to bulk soil. 
 
3.4.3 Quantification of Ammonia-oxidizing Archaea and Bacteria 
The impacts of fertility treatments on AOA and AOB amoA gene abundances were 
more pronounced within bulk soil than in rhizosphere soil. The abundance of AOA amoA 
was significantly greater in soil receiving urea inputs than the green manure in the bulk 
soil (Fig. 3.2), but gene copy number was not different between fertility treatments within 
the rhizosphere soil. Gene copy number of AOB amoA was greatest in the urea 
treatments compared to the control in bulk soil (Fig. 3.3), but AOB amoA gene 
abundance was not impacted by fertility treatments within the rhizosphere. No significant 
differences in gene copy number in either AOA or AOB amoA were observed between 
fertility treatments compared across sample locations or between rhizosphere and bulk 





3.4.4 Correlations of Soil Chemical and Biological Properties 
 Soil PNA was positively correlated with AOB amoA gene abundance (Table 3.4). 
Positive correlations were also observed between PNA and total N and NOx-N, however, 
a negative correlation was found between PNA and NH4+-N. No significant correlations 
were observed between the abundance of AOB amoA with soil chemical properties. The 
abundance of AOA amoA was not correlated with PNA, and was only positively 
correlated with NH4+-N. 
 
3.4.5 Bacterial amoA Community Structure and Diversity 
A total of 12 amoA T-RFs were found across all samples. Bulk soil receiving urea 
amendments had the greatest number of T-RFs (10), while the control treatment in bulk 
soil was dominated by only two T-RFs. Using PCA, the first principal component (Axis 1) 
explained 73.03% of the variation in amoA T-RFs, while the second principal component 
(Axis 2) explained 12.77% (Fig. 3.4). The PCA ordination biplot revealed clear 
differences in amoA community structure of the fertility treatments between bulk and 
rhizosphere soil. Soils receiving animal manure and green manure inputs were separated 
across Axis 1, while urea amended soils were separated by Axis 2. The control treatment 
in bulk versus rhizosphere soil was separated by both Axis 1 and Axis 2. However, no 
clear pattern was observed between fertility treatments within either the bulk or 
rhizosphere soils. Soil chemical and biological properties are represented on the biplot 
graph as arrows, and estimated values within a treatment can be made by drawing a 
perpendicular line from the projected arrows to the treatment. The direction of the arrow 





the relative abundance of amoA T-RFs revealed that addition of fertility inputs resulted in 
greater amoA diversity than the control in bulk soil samples, and the same held true for 
species evenness (Table 3.7). No differences between fertility treatments in either amoA 
T-RF diversity or evenness were observed within the rhizosphere soil. On average, soils 
receiving animal manure inputs resulted in greater amoA T-RF diversity than the control 
when compared across bulk and rhizosphere sample locations (Table 3.8). 
 
3.5 Discussion 
Nitrogen loading in the Gulf of Mexico is a crucial environmental problem in the 
United States. Much of the N entering this key waterway originates in the Midwestern 
region of the U.S. (Goolsby et al., 1999). Understanding how N cycling processes are 
impacted by N fertility practices is critical to better predicting and reducing N loss from 
this region. This is particularly important in vegetable production systems, which are 
much more intensively managed than typical corn-soybean systems, but have received far 
less research attention. Investigating N cycling processes in the rhizosphere is needed 
because microbial activity is generally much greater in this soil fraction, yet the 
conditions controlling these processes could differ between these fractions, reducing our 
ability to effectively model and reduce N loss from these systems. 
 In this study, we show that N fertilization practices influence PNA. In bulk soil, 
PNA was greater in plots receiving animal manure and green manure inputs than those 
receiving urea or the control. This is consistent with other studies that have also shown 
enhanced nitrification activity in soils amended with animal manure (Chu et al., 2008; 





those receiving inorganic fertilizer amendments alone. In contrast to inorganic N 
fertilizers like urea, organic fertility amendments must mineralize before they are 
available for plant uptake or oxidation by nitrifying soil microorganisms. Prolonged 
release of NH4+-N as a result of ammonification could promote more continuous 
expression of genes controlling ammonia oxidation and possibly explain greater PNA in 
plots receiving animal or green manure inputs. Total N was greater in green manure than 
urea and control treatments while NH4+-N was lower in the green manure than urea 
treatment. Total N and NH4+ were both correlated with PNA, supporting our hypothesis 
that greater ammonification in plots receiving organic fertility treatments could be tied to 
PNA activity in this soil. 
The abundance of AOB was strongly correlated with PNA across fertility 
treatments, suggesting that AOB, rather than AOA, more likely controlled nitrification 
processes in this soil. This is consistent with other studies that have demonstrated that 
AOB is more likely to contribute to nitrification dynamics in agricultural systems than 
AOA (Ai et al., 2013; Di et al., 2010; Fan et al., 2011; Jia and Conrad, 2009). The 
structure of AOB amoA was also influenced by fertility practices. For example, the 
diversity and evenness of AOB populations were greater in plots receiving N fertility 
inputs, and clustered apart from the control treatments. The predominance of AOB in 
controlling nitrification has been attributed to the contrasting physiologies between AOA 
and AOB as well as soil pH (Prosser and Nicol, 2012). In culture-based studies, AOB 
have been found to have greater NO2- production rates than AOA (de la Torre et al., 2008; 
Konneke et al., 2005; Okano et al., 2004; Prosser, 1989; Ward, 1987), suggesting that 





agricultural systems. In contrast, AOA appear to exert greater control on nitrification in 
soils with low pH (Erguder et al., 2009; Yao et al., 2011). There were no correlations 
between pH and PNA, or gene copy number of either AOA or AOB amoA in this study. 
However, soil pH was lower in urea-amended soils in comparison to the other treatments, 
which is consistent with previous studies that have demonstrated that prolonged use of 
urea can lead to soil acidification (Fox and Hoffman, 1981). Lower pH in plots receiving 
urea inputs could have led to lower PNA observed in this study, as AOB amoA transcripts 
have been shown to decrease in response to reduced soil pH while gene copy numbers 
remain unaltered (Nicol et al., 2008). PNA was also positively correlated with total N and 
NOx-N, and negatively correlated with NH4+-N, suggesting that ammonia oxidation was 
stimulated by N fertility inputs, potentially enabling NOx-N loss via leaching or 
denitrification. AOB abundance was greater in animal manure and urea than control 
treatments, and AOA abundance was greater in urea than the green manure treatment, 
though PNA activity was greater in animal and green manure treatments and do appear to 
be related.  
The plant rhizosphere is a zone of intense microbial activity that can dramatically 
alter O2 and substrate availability that control N transformations (Philippot et al., 2009), 
potentially impacting N loss and crop productivity. In this study, PNA was greater in the 
rhizosphere of Capsicum annuum than in bulk soil. This is consistent with other studies 
that have reported enhanced PNA in the plant rhizosphere than bulk soil (Ai et al., 2013; 
Herman et al., 2006). Increased rates of nitrification in the rhizosphere could be attributed 
to enhanced microbial mineralization of organic matter in this soil fraction (Herman et al., 





NH4+-N was lower in the rhizosphere compared to bulk soil supports enhanced PNA, 
though competition for NH4+-N by plants likely also played a role. Nutrient resource 
competition between plants and soil microorganisms in the rhizosphere could limit N 
losses, though additional studies using isotopic approaches are needed to confirm these 
claims. While some studies have found that populations of AOA amoA (Chen et al., 2008; 
Kleineidam et al., 2011) or both AOA and AOB amoA (Ai et al., 2013; Hussain et al., 
2011) are elevated in rhizosphere versus bulk soil, we found that neither AOA nor AOB 
amoA population sizes were different between sample locations in this study which is 
consistent with Towe et al. (2010). These results indicate that while quantification of 
functional genes involved in nitrification can shed light on the transcriptional potential 
for ammonia oxidation, it should not serve as a stand-alone predictor of nitrification 
dynamics in soil.  
Results of this study demonstrate that nitrification dynamics are influenced by 
contrasting fertility practices in intensively managed vegetable systems, and AOB 
populations play a larger role in nitrification than their functionally equivalent archaeal 
counterparts in a dominant Midwestern soil. However, additional studies are needed to 
better understand the long-term impacts of fertilizer practices on nitrification in these 
agricultural systems, and should more broadly target seasonal variation in chemical, 
biological, and ecological patterns to account for periods when N loss could be enhanced 
(e.g. winter freeze-thaw and wet spring and fall seasons). Integrated fertility practices that 
utilize grass and legume cover crop mixtures, combine inorganic and organic fertility 
treatments, and/or include nitrification inhibitors should also be investigated for their 
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Table 3.1. List of primers used in molecular studies targeting the ammonia 
monooxygenase amoA for archaea (AOA) and bacteria (AOB). 
Group Primer Sequence (5’-3’) Source 
AOA 
Arch-amoAF STAATGGTCTGGCTTAGACG 




Rotthauwe et al. 1997
AOB-2R CCCCTCKGSAAAGCCTTCTTC 





Table 3.2. Thermocycling conditions, qPCR standard range, and qPCR efficiencies of the 
ammonia monooxygenase amoA for archaea (AOA) and bacteria (AOB). 
Group Cycling Conditions Standard Range qPCR Efficiency 
AOA 
30s at 95°C followed by 40 
cycles of 30s at 95°C, 30s at 
53°C, 60s at 72°C (data 
acquisition) 
1E3 – 1E7 72 
AOB 
30s at 95°C followed by 40 
cycles of 30s at 95°C, 30s at 
57°C, 60s at 72°C, *30s at 
81°C (data acquisition) 
1E2 – 1E6 79 





Table 3.3. Mean soil geochemical properties within bulk soil (0 to 15 cm) or rhizosphere 
soil from four fertility treatments. 








Bulk soil      
  Control 7.36 az 18.6 a 1.43 b 2.10 ab 3.73 a 
  Urea 6.81 b 18.8 a 1.46 b 2.24 a 4.15 a 
  Animal manure 7.29 a 18.3 a 1.54 ab 1.97 ab 6.06 a 
  Green manure 7.10 ab 21.8 a 1.73 a 1.48 b 7.43 a 
Rhizosphere      
  Control 7.19 az 24.1 a 1.69 b 1.41 a 4.98 b 
  Urea 6.87 b 25.8 a 1.76 ab 1.29 a 17.8 a 
  Animal manure 7.04 ab 24.7 a 1.95 a 1.53 a 12.6 ab 
  Green manure 7.21 a 24.9 a 1.96 a 1.75 a 15.0 a 
z Different letters within a column represent significant difference between treatments 





Table 3.4. Mean soil geochemical properties between bulk soil (0 to 15 cm) and 
rhizosphere soil and four fertility treatments. 
 
Treatment 








Fraction       
  Bulk soil    7.14 az   19.4 b   1.54 b 1.95 a 5.34 b 
  Rhizosphere    7.08 a   24.9 a   1.84 a 1.50 b 12.6 a 
Amendment       
  Control    7.27 az   21.4 a   1.56 a 1.76 a 4.36 b 
  Urea    6.84 b   22.3 a   1.61 a 1.77 a 11.0 a 
  Animal manure    7.16 a   21.5 a   1.74 b 1.75 a 9.33 a 
  Green manure    7.16 a   23.4 a   1.85 b 1.61 a 11.2 a 
       
Factor df  P > F  
Fraction (F) 1   0.3864   <0.0001   <0.0001 0.0003 <0.0001 
Amendment (A) 3   0.0012   0.1996   <0.0001 0.6999 0.0028 
F x A 3   0.2252   0.2530   0.2830 0.0034 0.0194 
z Different letters within a column represent significant difference as determined by 







Figure 3.1. Mean potential nitrification activity in the bulk soil (0 to 15 cm) or 
rhizosphere soil from four different treatments: unamended control (UC), urea (UR), 
chicken manure (AM), and green manure (GM). Different letters represent significant 
difference between treatments as determined by Tukey adjusted least square means. Error 







Figure 3.2. Mean abundance of ammonia-oxidizing archaea (AOA) in the bulk soil (0 to 
15 cm) or rhizosphere soil from four different treatments: unamended control (UC), urea 
(UR), chicken manure (AM), and green manure (GM). Different letters represent 
significant difference between treatments as determined by Tukey adjusted least square 







Figure 3.3. Mean abundance of ammonia-oxidizing bacteria (AOB) in the bulk soil (0 to 
15 cm) or rhizosphere soil from four different treatments: unamended control (UC), urea 
(UR), chicken manure (AM), and green manure (GM). Different letters represent 
significant difference between treatments as determined by Tukey adjusted least squared 






















































































































































































































































































































































































































































































Table 3.6. Spearman correlations of soil chemical properties, potential nitrification 
activity (PNA), ammonia-oxidizing archaea amoA abundance (AOA), and ammonia-
oxidizing bacteria amoA abundance (AOB). 
 PNA AOA AOB 
AOA -0.047 - 0.210 
AOB 0.583** 0.210 - 
pH -0.018 -0.170 -0.099 
Ctot 0.312 -0.078 -0.049 
Ntot 0.405* -0.115 0.038 
NH4-N -0.353* 0.385* 0.056 
NOx-N 0.543** 0.005 0.216 
* Correlation is significant at the P < 0.05 level. 





Figure 3.4. Principal component biplot of bacterial amoA T-RFs in bulk soil (0 to 15 cm; 
?; filled circles) and rhizosphere soil (?; open squares) from four fertility treatments: 
unamended control (UC), urea (UR), animal manure (AM), and green manure (GM). 
Arrows represent soil pH (pH), total carbon (TC), total nitrogen (TN), ammonium (NH4-
































Table 3.7. Mean Shannon-Wiener diversity and evenness of bacterial ammonia 
monooxygenase (amoA) T-RFs within bulk soil (0 to 15 cm) or rhizosphere soil from 




Bulk soil   
  Control 0.00 bz 0.00 b 
  Urea 1.49 a 0.77 a 
  Animal manure 1.50 a 0.79 a 
  Green manure 1.06 a 0.54 a 
Rhizosphere   
  Control 0.99 az 0.74 a 
  Urea 0.69 a 0.38 a 
  Animal manure 1.14 a 0.65 a 
  Green manure 0.88 a 0.65 a 
z Different letters within a column represent significant difference between treatments 






Table 3.8. Mean Shannon-Wiener diversity and evenness of bacterial ammonia 
monooxygenase (amoA) T-RFs between bulk soil (0 to 15 cm) and rhizosphere soil, four 
fertility treatments, and their interaction. 
Treatment  Shannon-Wiener 
Index (H) 
Evenness (E) 
Location    
  Bulk soil  1.01 az 0.52 a 
  Rhizosphere  0.93 a 0.60 a 
Amendment    
  Control  0.50 bz 0.37 a 
  Urea  1.09 ab 0.57 a 
  Animal manure  1.32 a 0.72 a 
  Green manure  0.97 ab 0.59 a 
      
Factor df  P > F 
Location (L) 1 0.6442 0.3910 
Amendment (A) 3 0.0296 0.0823 
L x A 3 0.0136 0.0016 
z Different letters represent significant difference between treatments within soil fractions 






CHAPTER 4. FERTILITY AMENDMENTS DIFFERENTIALLY IMPACT BULK 
SOIL AND RHIZOSPHERE DENITRIFICATION DYNAMICS 
4.1 Abstract 
Denitrification by soil microorganisms can limit the availability of nitrogen (N) to plants, 
and under some conditions have a negative impact on the environment. Intensively 
managed agricultural production systems which receive substantial N inputs are at high 
risk for N loss via denitrification. However, the impacts of different fertility management 
practices on ecological mechanisms of denitrifiers remain unclear, particularly in the 
Midwest U.S. We investigated how three years of repeated fertilization of organic and 
inorganic amendments affected the structure and function of bulk soil and rhizosphere 
denitrifying assemblages. Denitrifier gene abundance, community structure, and activity 
were quantified in bulk soil and the rhizosphere of Capsicum annuum L. in response to 
four fertility treatments: urea, partially composted and dehydrated chicken litter, green 
manure (fall seeded hairy vetch (Vicia villosa L.) plus alfalfa meal), and an unfertilized 
control. Use of green manure resulted in greater denitrification activity and abundance of 
all genes studied (nirK, nirS, nosZ) across soil fractions in comparison to the control, 
while the chicken manure increased activity and abundance of all genes except nirS. No 
differences in gene abundances were observed between urea and either organic 
treatments, however, denitrification activity was greater in the green manure than urea 





rhizosphere compared to bulk soil. However, gene abundance was not different between 
soil fractions with the exception of nosZ, which was greater in the bulk soil. The 
rhizosphere distinctly shaped nirK community structure compared to bulk soil. These 
results suggest that use of organic fertility amendments can increase denitrification 
activity and denitrifier gene abundance, but these changes are more pronounced in the 
bulk soil compared to the rhizosphere. 
 
4.2 Introduction 
 Agriculture intensification has increased crop productivity, but the substantial 
amount of nitrogen (N) fertilizer needed to sustain this productivity has come at a cost in 
terms of environmental degradation as approximately 50% of N applied to agricultural 
soils is retained by crops while the other half is subject to loss (Smil, 1999). Leakiness of 
agricultural systems is of particular concern in the Corn Belt region of the Midwest 
United States, as this area is responsible for half of the nitrate (NO3-) loading to the Gulf 
of Mexico (Goolsby, 1999). Denitrification is another major pathway through which N 
can be lost from agricultural systems, directly impacting crop productivity and potentially 
leading to negative environmental impacts. The process of denitrification is complex, and 
is carried out by a diverse group of chemoheterotrophic microorganisms active in the 
absence of oxygen (O2). During periods of anoxic conditions in the soil, nitrate (NO3-) 
and a cascade of additional N-containing intermediates are used in anaerobic respiration, 
by which N is lost as numerous gaseous products. If the process of denitrification is 
complete, the majority of N loss occurs as dinitrogen (N2), a nonreactive and 





the system as nitrous oxide (N2O),  a potent greenhouse gas which has a global warming 
potential about 296 times greater than CO2 (Lashof and Ahuja, 1990), and can induce the 
depletion of stratospheric ozone (Ravishankara et al., 2009). In particular, the Midwest is 
the largest contributor of N2O emissions in the United States (Houlton et al., 2013), yet 
the mechanisms controlling denitrification in this region are not well characterized. 
 Concern over the loss of N from agricultural systems has stimulated interest in 
alternative fertility practices. Most N fertilizers currently applied in agricultural systems 
are inorganic (e.g. ammonium nitrate and urea), and are rapidly available to plants, but 
highly subject to loss via leaching. Fertilizing with animal manures or green manure 
cover crops can mitigate NO3- leaching from agricultural systems (Drinkwater et al., 1998; 
Kramer et al., 2006) because these amendments consist primarily of organic N which is 
more slowly released, reducing the amount of mobile N. However, organic amendments 
differ widely in their composition (e.g. carbon to N ratio), which impacts rates of N 
mineralization (Cabrera et al., 2005) and N transformations (Mogge et al., 1999). 
Consequently, organic amendments with narrow carbon (C) to N ratios are often used as 
fertility inputs to ensure adequate N is made available for plant uptake. On the other hand, 
these sources are also plentiful in organic C which can stimulate denitrification during 
periods of limited O2 availability, and research suggests that fertilization using organic 
sources can enhance denitrification compared to inorganic fertilizers (Dambreville et al., 
2006; Enwall et al., 2005). While denitrification could be increased in soils receiving 
organic fertility inputs, the relative amount of gas escaping as N2O versus N2 has been 
reported to be lowest in high C environments (Firestone et al., 1980). As a result, organic 





communities, increasing the ratio of N lost through denitrification as N2 relative to N2O 
in comparison to inorganic N fertilizers (Kramer et al., 2006). However, the potential 
impacts of inorganic and organic fertility amendments on denitrification dynamics in the 
Midwest U.S. are not well characterized. Poorly drained soils common in the Midwest 
could exacerbate problems related to denitrification, demonstrating additional need to 
assess these processes in this region. For example, poorly drained Drummer soils span 
more than 1.7 million acres across the Midwest U.S., much of which is under agricultural 
production (Soil Survey Staff, 2014). However, research identifying how various fertility 
practices in these systems influences N cycling is extremely limited, and remains a 
critical question. 
Denitrification also has important implications in the plant rhizosphere where 
NO3- reduction directly influences the amount of N available for plant uptake. In the plant 
rhizosphere, soil physicochemical properties are often influenced by root growth and 
root-derived organic compounds via rhizodeposition. These modifications can have 
bearing on conditions controlling microbial denitrification (organic C, O2, and NO3-), and 
early research demonstrated that denitrification activity can be enhanced in the 
rhizosphere compared to bulk soil (Hojberg et al. 1996; Klemedtsson et al., 1987; Smith 
and Tiedje, 1979). Decades of research have been dedicated to characterizing this effect 
(Philippot et al., 2007), and recent studies have been directed to understanding the 
ecological changes in denitrifying populations in the rhizosphere. For instance, Hamonts 
et al. (2012) found that denitrifier gene abundance was greater in the rhizosphere of 
wheat compared to unplanted soil, while additional studies have shown that the 





bulk soil (Philippot et al., 2002; Cheneby et al., 2004). These findings are important to 
consider as they suggest denitrifying communities respond to environmental 
modifications in the rhizosphere. However, information regarding how fertility 
amendments impact denitrification in the rhizosphere is limited (Kastl et al., 2014), and 
the consequences of organic fertility amendments on denitrifiers in the rhizosphere are 
unknown. 
Coupling analyses of the abundance of genes involved in N cycling with potential 
process rates can help researchers gain a better understanding of the ecological 
mechanisms regulating denitrification soil systems. Using these approaches, denitrifier 
gene abundances have been found to be elevated in response to fertilization using organic 
amendments (Chen et al., 2012; Hallin et al., 2009), indicating the functional potential for 
greater denitrification. In some reports, denitrification gene abundances have correlated 
with process rates (Chen et al., 2011; Hallin et al., 2009; Morales et al., 2010), thus 
lending insight into predicting function based on structure. However, while fertility 
amendments can play a large role in soil denitrification, plant-microbe interactions can 
add to the complexity of N cycling in agroecosystems. Studies that comprehensively 
assess how fertility management impacts the ecological mechanisms controlling 
denitrification at multiple soil fractions (e.g. bulk soil vs. rhizosphere) are needed to 
better understand N cycling in agricultural production systems.  
 In this study, we investigated the effects of repeated application of four fertility 
amendments on soil chemical properties, potential denitrification activity, abundance of 
denitrifying genes, and the nitrite reductase nirK community structure in bulk soil and the 





effect would enhance denitrification activity and gene abundance, and influence nirK 
community structure in comparison to bulk soil. Additionally, we predicted that repeated 
fertilization using animal manure and green manure would increase the functional 
potential and denitrifying population sizes compared to urea and the unamended control 
in bulk and rhizosphere soil. 
 
4.3 Materials and Methods 
4.3.1 Site Description, Soil Treatments, and Sampling 
The field trial was conducted at Throckmorton Purdue Agriculture Center  
(40.1722° N, 86.5303º W) in Tippecanoe County, Indiana. Soils were from the Drummer 
series (mesic Typic Endoaquoll). The following fertility amendments were applied over 
three growing seasons (2011-2013) at rates estimated to supply sufficient mineral N for 
the pepper crop: 1) urea, 2) partially composted and dehydrated chicken litter, 3) green 
manure (fall-seeded, spring incorporated hairy vetch (Vicia villosa) supplemented with 
dehydrated alfalfa meal), and 4) an unamended control. Initial soil characteristics, climate, 
cropping history, and fertility application rates were explained previously in Rudisill et al. 
(2014). Treatment plots were arranged in a randomized complete blocked design with 
four replicates. Ten replicate soil cores were collected within each plot to a depth of 15.0 
cm on August 10, 2013. Rhizosphere samples were obtained by removing two randomly 
selected plants from each treatment plot, and shaking off excess soil. Soil that remained 
intact with the roots was carefully removed to exclude plant material. Replicate samples 





stored at -80 °C, 4 °C, or air-dried upon arrival for downstream DNA isolation, potential 
enzymatic assays, and chemical analyses, respectively. 
 
4.3.2 Soil Geochemistry 
 Soil pH was measured in a slurry of air-dried, 2.0 mm sieved soil in deionized 
water (1:2 soil to water ratio w/v; Kalra, 1995) using a sensION+ mm150 portable multi-
meter (Hach Company, Loveland, CO, USA). Inorganic soil N (ammonium (NH4+) and 
total NOx (NO3- and NO2-)) was extracted from air-dried, 2.0 mm sieved soil samples 
using 1.0 M KCl (1:2.5 soil to solution ratio w/v). Concentrations of NH4+ and NOx were 
determined using a SEAL AQ2 discrete analyzer (SEAL Analytical, Mequon, WI, USA) 
following KCl extraction. Total C and N were determined by combustion analysis on a 
FlashEA 1112 (Thermo Scientific, Waltham, MA, USA). Active C was determined using 
a potassium permanganate oxidation method previously described by Weil and 
colleagues (2003). Reacted samples were measured using a spectrophotometer (Epoch, 
BioTek, Winooski, VT, USA) at 550 nm. Gravimetric soil moisture content was 
determined after oven drying field moist soil at 80 °C.
 
4.3.3 Potential Denitrification Activity 
 Potential denitrification activity (PDA) was determined using the acetylene 
inhibition method as described by Tiedje (1982). Briefly, soil slurries were created with 
25.0 g of field moist soil and 25.0 mL of a glucose/NO3- solution in a 250 mL flask. The 
flasks were sealed using rubber septa, and flushed with N2 to create an anaerobic 





Slurries were incubated at 25 °C and shaken at 175 rpm. Gas samples (12.5 mL) were 
collected at 2, 4 and 6 hours and placed in pre-evacuated 10.0 mL headspace vials. The 
concentrations of nitrous oxide (N2O) was determined on an Agilent 7890 GC (Agilent 
Technologies, Santa Clara, CA, USA) equipped with an electron capture detector. 
 
4.3.4 DNA Extraction and Normalization 
 Community genomic DNA (cgDNA) was isolated from approximately 0.5 g of 
soil in duplicate using PowerSoil DNA Extraction Kits (MoBio Laboratories, CA, USA) 
with a modified bead-beating protocol. Replicates were pooled and analyzed for purity 
using a NanoDrop ND-1000 Spectrophotometer (Nanodrop Technologies, Wilmington, 
DE, USA), concentrations of total extracted ds-DNA was determined on a Qubit 2.0 
Fluorometer (Life Technologies, Grand Island, NY, USA). Samples were normalized to 
~10 ng/μL using filter-sterilized 18 M? H2O. Exact ds-DNA concentration used in 
molecular assays was determined on a Qubit 2.0 Fluorometer. 
 
4.3.5 Quantitative PCR and Standard Preparation 
 All qPCR reactions were carried out on a StepOne Real-Time PCR system 
(Applied Biosystems, CA, USA) in triplicate 15 μL reactions containing the following 
ingredients: 7.5 μL of Fast-SYBR Green Master Mix (Life Techonologies), 4.5 μL ultra-
pure H2O, 1.0 μL each of 0.4 nM forward and reverse primers, and 1.0 μL of diluted 
cgDNA. Primers and cycling protocols are listed in Table 4.1. Quantitative-PCR 
standards were created from purified pCR2.1®-TOPO® (Life Technologies) plasmid 





coli (Life Technologies). Gene identity and size of each standard were confirmed through 
sequencing followed by nBLAST. Thermocycling conditions, standard ranges, and qPCR 
efficiencies are given in Table 4.2. All R2 values were greater than 0.99 for all genes. 
 
4.3.6 Terminal Restriction Fragment Length Polymorphism of nirK
 The copper-containing nitrite reductase, nirK, was amplified in triplicate in 50 μL 
reaction volumes using 5’-6-FAM modified forward primers given in Table 4.1, and 
according to the thermocycling conditions given in Table 4.2 (using 30 amplification 
cycles instead of 40). Amplified fragments were pooled, and checked for specific 
amplification on a 1.0% agarose gel. Products were cleaned with ethanol precipitation 
and then resuspended in filter sterilized 18.0 M? H2O. One microgram of amplified 
product was digested with HaeIII (New England Biolabs, Beverly, MA, USA) according 
to the manufacturer’s instructions. Digested products were submitted to the Core DNA 
Sequencing Facility at the University of Illinois for fragment analysis. T-RFs greater than 
50 bp and less than 500 bp were selected for analysis. Using T-REX (Culman et al., 
2009), noisy peaks were filtered using a standard deviation of 1. Across samples, peaks 
were aligned using a clustering threshold of 0.5 bp in T-REX. Further, peak areas were 
relativized to the total peak area in each sample, samples were averaged across replicates, 
and a matrix of relative TRF abundance was created for subsequent analysis.  
 
4.3.7 Statistical Analysis 
Simple statistics, tests for normality and homogeneity of variance, data 





Institute, Cary, NC, USA). All data were checked for normality according to the Shapiro-
Wilk test using PROC UNIVARIATE. Non-normal data were Box-Cox transformed (to 
optimal lambda) using PROC TRANSREG. Next, data were checked for homogeneity of 
variance according Levene’s test. Comparison of soil chemical properties, denitrification 
potential, and gene copy numbers within bulk soil and rhizosphere soil fractions were 
analyzed by one-way ANOVA using PROC GLM. Impacts of soil fractions, fertility 
treatment across soil fractions, and their interactions were analyzed using two-way 
ANOVA in PROC GLM. A weighted ANOVA model was used with the homogeneity of 
variance was significant. Differences were determined as significant at the p ? 0.05 
probability level, unless otherwise stated. All multiple comparisons were made using 
Tukey-adjusted least squared means when the ANOVA F-test was statistically significant.  
 Multivariate analyses were performed in Canoco v.5 (Microcomputer Power, 
Ithaca, NY, USA) to correlate nirK T-RF profiles with environmental variables (ter Braak 
and Smilauer, 2002). Initially, detrended correspondence analysis was carried out in order 
to determine the use of a linear or unimodal model. RDA was used with a forward 
selection procedure using a Monte Carlo permutation test (499 permutation) to analyze 
the influence of environmental variables and PDA on the nirK community structure. 
 
4.4 Results 
4.4.1 Soil Chemical Properties 
Soil pH was significantly impacted by fertility treatments in both bulk and 
rhizosphere soils. In the bulk soil, pH was lowered soils receiving urea compared to the 





in lower pH than the green manure and control. When compared across soil fractions 
(bulk soil and rhizosphere), fertilization with urea resulted in reduced soil pH in 
comparison to all other treatments, however, pH was not different between bulk and 
rhizosphere soils (Table 4.4). 
Total C was not significantly impacted by fertility treatment in either the bulk or 
rhizosphere soil, or across soil fractions. However, the rhizosphere soils contained a 
greater amount of total C compared to the bulk soil (Table 4.4). Total N was impacted by 
fertility treatment within both the bulk soil and rhizosphere soil (Table 4.3). In the bulk 
soil, total N was greater in soils receiving green manure inputs compared to those 
receiving urea and the unamended control. In the rhizosphere soil, total N was greater in 
both the animal manure and green manure treatments compared to the control. Total N 
across bulk soil and rhizosphere fractions was significantly greater in treatments 
receiving either animal manure or green manure in comparison to urea amended soil or 
the unfertilized control (Table 4.4). On average, the rhizosphere soil contained more total 
N then the bulk soil. Active C, estimated by POXC, was not impacted by fertility 
treatments within either the bulk or rhizosphere soils, or across soil fractions. However, 
POXC was elevated in the rhizosphere compared to bulk soil (Table 4.4). The interaction 
effect between soil fractions and fertility treatment was significant for POXC, and largely 
driven by greater active C in the rhizosphere in contrast to bulk soil in the control (Table 
4.3; P < 0.0001) and urea amended soils (P < 0.0001). 
Fertility treatments impacted soil NH4+-N in the bulk soil, where urea was greater 
than the green manure (Table 4.3). In contrast, no differences in NH4+-N was observed in 





NH4+-N was lower in the rhizosphere compared to the bulk soil (Table 4.4). A significant 
interaction between soil fraction and fertility treatment was observed in soil NH4+-N, and 
was largely driven by differences in soils receiving urea inputs (Table 4.3; P = 0.0038). 
Soil NOx-N (NO2- + NO3-) was not impacted by fertility treatments in the bulk soil, but a 
significant difference was observed in the rhizosphere, where soil receiving urea and 
green manure inputs were greater than the unamended control (Table 4.3). Across bulk 
soil and rhizosphere fractions, NOx-N was greater in treatments receiving fertility inputs 
compared to the unfertilized control (Table 4.4). On average, NOx-N was elevated in the 
rhizosphere compared to the bulk soil. A significant soil fraction x fertility treatment 
interaction was observed in NOx-N, and was mainly due to differences observed in soils 
receiving urea inputs, where greater NOx-N was observed in the rhizosphere compared to 
the bulk soil (Table 4.3; P = 0.0009). 
 
4.4.2 Potential Denitrification Activity 
Soil PDA was impacted by fertility treatment in the bulk soil, but no treatment 
effects were observed in the rhizosphere (Fig. 4.1). In the bulk soil, soils receiving urea 
and green manure inputs exhibited greater PDA than the unamended control. When 
comparing potential denitrification across soil fractions, greater PDA was observed in 
green manure soil compared to urea and control soils, while soil receiving animal manure 
inputs was also greater than the control (Table 4.5). Overall, PDA was greater in the 






4.4.3 Quantification of Denitrification Gene Abundance 
Fertility treatments altered nirK gene abundance in both the bulk and rhizosphere 
soil (Fig. 4.2). In the bulk soil, greater nirK gene copy number was observed in soils 
receiving green manure inputs in comparison to the control. On the other hand, in the 
rhizosphere soil, greater abundance of nirK was observed in animal manure amended soil 
compared to the control. Across soil fractions, application of green manure resulted in 
increased nirK abundance in comparison to the unamended control (Table 4.5), similar to 
the response seen between fertility treatments in the bulk soil. The abundance of nirK did 
not differ between rhizosphere and bulk soil. 
The abundance of nirS was influenced by fertility treatment in the bulk soil, but 
not in the rhizosphere (Fig. 4.2). In the bulk soil, application of animal manure and green 
manure increased nirS gene copy number compared to the unfertilized control. Similar to 
treatment effects in the bulk soil, soils receiving animal manure and green manure inputs 
resulted in elevated nirS abundance compared to the control when compared across soil 
fractions (Table 4.5). The abundance of nirS was not different between the bulk soil and 
rhizosphere.  
Gene copy number of nosZ was significantly impacted by fertility amendments in 
the bulk soil, but not in the rhizosphere (Fig. 4.3). In the bulk soil, all soils receiving 
fertility amendments resulted in greater nosZ abundance compared to the unamended 
control. Similarly, the impact of fertility treatments across bulk and rhizosphere soil 
fractions was consistent with that observed in the bulk soil, where all treatments receiving 
fertility inputs were greater than the control. Interestingly, the abundance of nosZ was 





4.4.4 Correlations of Soil Chemical and Biological Properties 
PDA was positively correlated with the abundance of both nirK and nirS as well 
as total C, total N, and NOx-N (Table 4.6). Negative correlations were observed between 
PDA with soil pH and NH4+-N. The abundance of nirK gene copies was positively 
correlated with the nirS abundance and total N, while only nirS abundance was positively 
correlated with nosZ gene copy number. Additionally, nosZ abundance was positively 
correlated with NH4+-N, but was negatively correlated with total C, total N, and POXC. 
 
4.4.5 Community Structure and Diversity of nirK
We chose to explore the community structure of the nirK gene as it was most 
sensitive to fertility treatments in the bulk and rhizosphere soils (Fig. 4.2), and population 
size showed high correlation to PDA (Table 4.6). A total of 40 nirK T-RFs were found 
across all samples. Both animal manure and urea treatments in the rhizosphere fraction 
contained the greatest number of unique T-RFs (30), while the control treatment in bulk 
soil had the fewest (10). Using RDA, the first computed axis accounted for 47.2% of the 
total variation in nirK community structure, while the second axis accounted for 25.5% 
(Fig. 4.5). Spatial arrangement of treatments on the RDA biplot graph revealed that soil 
fraction impacted the structure of the nirK community as evidenced by the separation of 
bulk soil and rhizosphere samples from each fertility treatment across Axis 2 (Fig. 4.5). 
The structure of nirK in animal manure and green manure treatments in the rhizosphere 
were clearly separated from urea and control treatments across Axis 1, although a similar 
response was not observed for fertility treatments in the bulk soil (Fig. 4.5). Using a step-





variable that significantly influenced nirK community structure, and explained 42.4% of 
the variation in nirK structure. Combined, all explanatory variables in the model 
explained 87.7% of the total variation in nirK structure. The diversity and evenness of 
nirK T-RFs were not significantly affected by fertility treatment within either the bulk or 
rhizosphere soil (Table 4.7). However, greater nirK diversity was observed in rhizosphere 
soil compared to bulk soil (Table 4.8).  
 
4.5 Discussion 
The influence of fertility amendments and/or plant roots can alter the chemical 
properties of soil which will effect denitrification processes. We found soil pH to be 
lower in soils receiving urea inputs compared to all other treatments when compared 
across soil fractions, although the response within bulk or rhizosphere soil was variable 
with treatments. This is consistent with Fox and Hoffman (1981), who found that 
repeated application of urea resulted in reduced soil pH. On the other hand, we observed 
no difference in soil pH between the bulk soil and rhizosphere. Total C was not 
significantly impacted by fertility amendments in our study, although we did observe 
more C in rhizosphere soil. This result was also consistent with our measurement of 
active C (POXC), suggesting that plant roots were responsible for increasing rhizosphere 
C, likely through rhizodeposition, as up to 43% of net fixed C can be transferred to the 
root (Lynch and Whipps, 1990). In general, total N was greatest in soils receiving animal 
manure and green manure inputs, and was likely due to greater N rates applied in these 
treatments as a result of lower N availability from these amendments. Total N was greater 





this study, soil NH4+-N was not impacted by fertility treatment across soil fractions, but 
NO3--N was elevated in all treatments receiving N inputs. However, while NH4+-N was 
greater in bulk soil compared to the rhizosphere, an opposite trend was seen in NO3--N, a 
pattern similar to that observed by Kastl et al. (2014). Mineral N composition is often 
variable between bulk and rhizosphere soil (Phillipot et al., 2009). Increased NO3--N 
observed in fertilized treatments and the rhizosphere, coupled with elevated C in the 
rhizosphere could play a significant role in affecting denitrification activity and 
denitrifier community structure. 
 Potential denitrification activity assays are often employed to determine the 
impacts of land use and management on soils, as they provide a reliable method for 
determining the activity of extant denitrification enzymes. In this study, fertilization 
using animal manure and green manure had an enhancing effect on PDA. These results 
are consistent with the findings of Aulakh et al. (1991) and McKenney et al. (1993) who 
observed greater PDA in soils receiving legume-based inputs. Additionally, elevated 
PDA was found in soils receiving poultry and green manure inputs, and rates were 
positively related to the total amount of N applied (Aulakh et al., 2000). Denitrification is 
likely enhanced in soils receiving organic fertility inputs due to additional organic C 
present in these amendments (Christensen, 1985). PDA was also elevated in rhizosphere 
soil in comparison to bulk soil in this study, indicating the potential for increased N loss 
from the root zone of plants. The rhizosphere effect on denitrification has been well 
studied (Philippot et al., 2007), as plant roots have the potential to modify the chemical 
drivers of denitrification such as O2, NO3-, and organic C. Greater PDA has been 





rates being up to 22-fold higher than bulk soil (Klemedtsson et al., 1987). The main 
factor regulating denitrification activity in the rhizosphere is NO3-, as plants and 
microorganisms compete for available N. However, greater NOx-N was present in the 
rhizosphere soil in this study, and could have promoted the enhanced PDA observed in 
this soil fraction, as NOx-N was highly correlated with PDA in addition to total C and N. 
These results confirm that the plant rhizosphere plays a major in overall soil microbial 
denitrification transformations in soil, and could significantly influence N cycling 
dynamics in intensively managed vegetable production systems. 
 More recently, molecular approaches targeting functional genes involved in N 
cycling have led to new insight into the ecological mechanisms controlling denitrification. 
In this study, we used qPCR to quantify the abundances of nirK, nirS, and nosZ. We 
found that use of animal manure and green manure increased gene copy number of the 
nirK and nosZ studied relative to the unfertilized control when compared across soil 
fraction, while only soils receiving green manure inputs resulted in greater nirS 
abundance relative to the control. This result supported our hypothesis that denitrifier 
abundance would be elevated in treatments receiving organic inputs. Similarly, increased 
nirK, nirS, and nosZ gene abundance was observed in treatments receiving rice straw 
during a 17-year fertilization experiment (Chen et al., 2012a), and nirK and nosZ 
abundance was increased in treatments receiving long-term animal manure inputs (Hallin 
et al., 2009). Fertility management had a more pronounced impact on denitrifier gene 
abundance in bulk soil compared to the rhizosphere of Capsicum annuum. While 
knowledge of fertility management impacts on rhizosphere denitrification processes are 





gene abundance in the rhizosphere of D. glomerata, but did enhance denitrifier 
abundance in the rhizosphere of F. rubra. These findings suggest that fertility 
management could impact rhizosphere denitrification dynamics variably dependent on 
the crop being grown, yet information regarding these impacts on intensively cultivated 
cereal and vegetable crops remains unclear.  
The abundance of nitrite reductases nirK and nirS were not impacted by soil 
fraction in this study, therefore, our hypothesis that denitrifier abundance would be 
elevated in the rhizosphere was not supported. Interestingly, nosZ abundance was greater 
in bulk soil compared to the rhizosphere soil in this study. To our knowledge, this is the 
first report where nosZ abundance was lower in the rhizosphere compared to bulk soil, 
although similar comparisons are limited. Numerous studies have reported increased 
levels of denitrifier gene abundances in the plant rhizosphere compared to bulk soil 
(Hamonts et al., 2013; Henry et al., 2008; Hussain et al., 2011), while others have 
reported no difference (Henry et al., 2008). However, in a culture-based survey of 
denitrifiers, a majority of isolates from the maize rhizosphere were unable to reduce N2O 
(Cheneby et al., 2004). Additionally, in genome-wide screenings, about one-third of 
denitrifying organisms containing nirK or nirS lack the nosZ gene, and the energetic 
gains as a result of NosZ activity are less favorable in comparison to upstream N 
reduction transformations (Jones et al., 2008). The occurrence of nosZ genes on plasmids 
(Zumft and Korner, 2007) may also be attributed to reduced nosZ abundance in the 
rhizosphere, where selection for N reducers that have excluded plasmid DNA could have 





could have significant impacts on overall soil denitrification dynamics, and significantly 
impact evolution of N2O from agricultural soils. 
Relating process rates of denitrification with denitrifier gene abundance can shed 
light on which groups are controlling functions. We found that nirK abundance was most 
strongly correlated with PDA, although a significant correlation was also observed with 
nirS abundance. This is in accordance with Enwall et al. (2010), who also found that 
PDA was correlated with both nirS and nirK abundance. However, other studies report 
that either nirK (Phillipot et al., 2007) or nirS (Rosa et al., 2014) are significantly 
correlated with PDA. The abundance of nosZ was not correlated with PDA in this study, 
yet other investigations have found the abundance of nosZ to be a predictor of potential 
function (Chen et al., 2012b; Hallin et al., 2009). On the other hand, additional studies 
have shown that PDA was not correlated with the abundance of any denitrification genes 
studied (Dandie et al, 2008; Hallin et al., 2009). While correlations related to ecological 
structure and function can draw relationships among functional groups and their 
processes, these might not be conclusive at the translational level, and future studies 
should entail more directed attention to the transcriptional regulation of these genes. 
Redundancy analysis was used to describe differences in community composition 
and the influence of environmental variables on nirK denitrifiers. In our studies, this gene 
was most highly correlated with PDA, and nirK abundance responded to fertility 
treatment within both bulk and rhizosphere soil fractions. In this study, fertility treatment 
and soil fraction had a noticeable impact on nirK community structure. Denitrifying 
organisms harboring the nirK gene in the Capsicum annuum rhizosphere were distinctly 





annuum influenced the nirK community. This result is in accordance with a previous 
study that found nirK communities in the rhizosphere were structurally different than 
unplanted soils (Bremer et al., 2009). Interestingly, rhizosphere soils receiving animal 
manure and green manure amendments showed marked separation in nirK community 
structure compared to treatments receiving urea or no fertility inputs, but this pattern was 
less defined in bulk soil communities. Similarly, Chen et al. (2011) reported that using 
rice straw in conjunction with mineral fertilizers resulted in unique nirK community 
patterning compared to unfertilized treatments or those supplemented inorganic fertilizers 
alone. Fertility management has the potential to alter denitrifier community structure in 
the plant rhizosphere, and increased diversity of nirK genes in this soil fraction could 
explain greater PDA observed in in this study. 
Our results demonstrate that both fertility management and rhizosphere effects 
impact denitrification dynamics in dominant Midwest soil type. Gene abundances were 
typically elevated in soil receiving animal manure and green manure inputs compared to 
the unfertilized control, but were not different from urea. On the other hand, PDA was 
greater in the green manure treatment than urea when compared across soil fractions, 
indicating the potential for greater N losses via denitrification when using these sources 
for sole N fertility. Additionally, higher PDA in rhizosphere compared to bulk soil 
confirming rhizosphere effects can stimulate denitrification. Greater denitrification rates 
coupled with reduced nosZ gene abundance in the rhizosphere could significantly 
influence N2O emissions from these soils. Additional research is needed to determine 





Additionally, studies that assess rhizosphere effects need to be confirmed for other 








Aulakh, M.S., J.W. Doran, D.T. Walters and J.F. Power. 1991. Legume residue and soil-
water effects on denitrification in soils of different textures. Soil Biol. Biochem. 23:1161-
1167. 
Aulakh, M.S., T.S. Khera and J.W. Doran. 2000. Mineralization and denitrification in 
upland, nearly saturated and flooded subtropical soil – II. Effect of organic manures 
varying in N content and C:N ratio. Biol. Fert. Soils 31:168-174. 
Braker, G., A. Fesefeldt and K.P. Witzel. 1998. Development of PCR primer systems for 
amplification of nitrite reductase genes (nirK and nirS) to detect denitrifying bacteria in 
environmental samples. Appl. Environ. Microbiol. 64:3769-3775. 
Cabrera, M.L., D.E. Kissel and M.F. Vigil. 2005. Nitrogen mineralization from organic 
residues: research opportunities. J. Environ. Qual. 34:75-79.  
Chen, Z., X.Q. Luo, R.G. Hu, M.N. Wu, J.S. Wu and W.X. Wei. 2010. Impact of long-
term fertilization on the composition of denitrifier communities based on nitrite reductase 





Chen, Z., H.J. Hou, Y. Zheng, H.L. Qin, Y.J. Zhu, J.S. Wu and W.X. Wei. 2012. 
Influence of fertilization regimes on a nosZ-containing denitrifying community in a rice 
paddy soil. J. Sci. Food Agric. 92:1064-1072. 
Chen, Z., J.B. Liu, M.N. Wu, X.L. Xie, J.S. Wu and W.X. Wei. 2012. Differentiated 
response of denitrifying communities to fertilization regime in paddy soil. Microbial Ecol. 
63:446-459. 
Cheneby, D., S. Perrez, C. Devroe, S. Hallet, Y. Couton, F. Bizouard, G. Iuretig, J.C. 
Germon and L. Philippot. 2004. Denitrifying bacteria in bulk soil and maize-rhizospheric 
soil: diversity and N2O-reducing abilities. Can. J. Microbiol. 50:469-474. 
Christensen, S. 1985. Denitrification in an acid soil – effects of slurry and potassium-
nitrate on the evolution of nitrous-oxide and on nitrate reducing bacteria. Soil Biol. 
Biochem. 17:757-764. 
Culman, S.W., R. Bukowski, H.G. Gauch, H. Cadillo-Quiroz and D.H. Buckley. 2009. T-
REX: software for the processing and analysis of T-RFLP data. BMC Bioinformatics 
10:171. 
Dambreville, C., S. Hallin, C. Nguyen, T. Morvan, J.C. Germon and L. Philippot. 2006. 
Structure and activity of the denitrifying community in a maize-cropped field fertilized 





Dandie, C.E., D.L. burton, B.J. Zebarth, S.L. Henderson, J.T. Trevors and C. Goyer. 2008. 
Changes in bacterial denitrifier community abundance over time in an agricultural field 
and their relationship with denitrification activity. Appl. Environ. Microbiol. 74:5997-
6005. 
Drinkwater, L.E., P. Wagoner and M. Sarrantonio. 1998. Legume-based cropping 
systems have reduced carbon and nitrogen losses. Nature 396:262-265.  
Enwall, K., L. Philippot and S. Hallin. 2005. Activity and composition of the denitrifying 
bacterial community respond differently to long-term fertilization. Appl. Environ. 
Microbiol. 71:8335-8343 
Firestone, M.K., R.B. Firestone and J.M. Tiedje. 1980. Nitrous oxide from soil 
denitrification: factors controlling its biological production. Science 208:749-751. 
Fox, R.H. and L.D. Hoffman. 1981. The effect of N-fertilizer source on grain-yield, N-
uptake, soil-pH, and lime requirement in no-till corn. Agron. J. 73:891-895. 
Hallin, S., C.M. Jones, M. Schloter and L. Philippot. 2009. Relationship between N-
cycling communities and ecosystem functioning in a 50-year-old fertilization experiment. 
ISME J. 3:597-605.  
Hamonts, S., T.J. Clough, A. Stewart, P.W. Clinton, A.E. Richardson, S.A. Wakelin, M. 





gene abundance, community structure and activity in the rhizosphere of wheat. FEMS 
Micriol. Ecol. 83:568-584. 
Henry, S., E. Baudoin, J.C. Lopez-Gutierrez, F. Martin-Laurent, A. Brauman and L. 
Philippot. 2004. Quantification of denitrifying bacteria in soils by nirK gene targeted 
real-time PCR. J. Microbiol. Meth. 59:327-335. 
Henry, S., D. Bru, B. Stres, S. Hallet and L. Philippot. 2006. Quantitative detection of the 
nosZ gene, encoding nitrous oxide reductase, and comparison of the abundances of 16S 
rRNA, narG, nirK, and nosZ genes in soils. Appl. Environ. Microbiol. 72:5181-5189. 
Henry, S., S. Texier, S. Hallet, D. Bru, C. Dambreville, D. Cheneby, F. Bizouard, J.C. 
Germon and L. Philippot. 2008. Disentangling the rhizosphere effect on nitrate reducers 
and denitrifiers: insight into the role of root exudates. Environ. Microbiol. 10:3082-3092. 
Hojberg, O., S.J. Binnerup and J. Sorensen. 1996. Potential rates of ammonium oxidation, 
nitrite oxidation, nitrate reduction and denitrification in the young barley rhizosphere. 
Soil Biol. Biochem. 28:47-54. 
Hussain, Q., Y. Liu, Z. Jin, A. Zhang, G. Pan, L. Li, D. Crowley, X. Zhang, X. Song and 
L. Cui. 2011. Temporal dynamics of ammonia oxidizer (amoA) and denitrifier (nirK) 
communities in the rhizosphere of a rice ecosystem from Tai Lake region, China. Appl. 





Jones, C.M., B. Stres, M. Rosenquist and S. Hallin. 2008. Phylogenetic analysis of nitrite, 
nitric oxide, and nitrous oxide respiratory enzymes reveal a complex evolutionary history 
for denitrification. Mol. Biol. Evol. 25:1955-1966. 
Kastl, E.M., B. Schloter-Hai, F. Buegger and M. Schloter. 2014. Impact of fertilization 
on the abundance of nitrifiers and denitrifiers at the root-soil interface of plants with 
different uptake strategies for nitrogen. Biol. Fert. Soils 1-8. DOI:s00374-014-0948-1 
Klemedtsson, L., P. Berg, M. Clarholm, J. Schnurer and T. Rosswall. 1987. Microbial 
nitrogen transformations in the root environment of barley. Soil Biol. Biochem. 19:551-
558. 
Kloos, K., A. Mergel, C. Rosch and H. Bothe. 2001. Denitrification within the genus 
Azospirillum and other associative bacteria. Aust. J. Plant Physiol. 28:991-998. 
Lashof, D.A. and D.R. Ahuja. 1990. Relative contributions of greenhouse gas emissions 
to global warming. Nature 344:529-531.  
Lynch, J.M. and J.M. Whipps. 1990. Substrate flow in the rhizosphere. Plant Soil 129:1-
10. 
McKenney, D.J., S.W. Wang, C.F. Drury and W.I. Findlay. 1993. Denitrification and 






Mogge, B., E.A. Kaiser and J.C. Munch. 1999. Nitrous oxide emissions and 
denitrification N-losses from agricultural soils in the Bornhoved Lake region: influence 
of organic fertilizers and land-use. Soil Biol. Biochem. 31:1245-1252. 
Philippot, L., S. Piutti, F. Martin-Laurent, S. Hallet and J.C. Germon. 2002. Molecular 
analysis of the nitrate-reducing community from unplanted and maize-planted soils. Appl. 
Environ. Microbiol. 68:6121-6128. 
Philippot, L., S. Hallin and M. Schloter. 2007. Ecology of denitrifying prokaryotes in 
agricultural soil. In: Sparks, D.L. (ed.). Adv. Agron., Elsevier Academic Press Inc, San 
Diego, California. 
Philippot, L., J. Cuhel, N.P.A. Saby, D. Cheneby, A. Chronakova, D. Bru, D. Arrouays, F. 
Martin-Laurent and M. Simek. 2009. Mapping field-scale spatial patterns of size and 
activity of the denitrifier community. Environ. Microbiol. 11:1518-1526. 
Ravishankara, A.R., J.S. Daniel and R.W. Portmann. 2009. Nitrous Oxide (N2O): The 
Dominant Ozone-Depleting Substance Emitted in the 21st Century. Science 326:123-125. 
Rosa, S.M., F. Behrends Kraemer, M.A. Soria, L.D. Guerrero, H.J.M. Morras, E.L.M. 
Figuerola and L. Erijman. 2014. The influence of soil properties on denitrifying bacterial 
communities and denitrification potential in no-till production farms under contrasting 





Rudisill, M.A., B.P. Bordelon, R.F. Turco and L.A. Hoagland. 2014. Sustaining soil 
quality in intensively managed high tunnel vegetable production systems; a role for green 
manures and chicken litter. In press HortScience. 
Smil, V. 1999. Nitrogen in crop production: an account of global flows. Global 
Biogeochem. Cy. 13:647-662. 
Soil Survey Staff, Natural Resource Conservation Service, United States Department of 
Agriculture. 2014. Web Soil Survey. Available online at 
http://websoilsurvey.nrcs.usda.gov/. Accessed November 20, 2014. 
Smith, M.S. and J.M. Tiedje. 1979. Phases of denitrification following oxygen depletion 
in soil. Soil Biol. Biochem. 11:261-267. 
Tiedje, J.M. 1982. Denitrification. In: Page, A.L. (ed.). Methods of soil analysis, part 2, 
2nd edition. Am. Soc. Agron., Madison, Wisconsin. 
Throback, I.N., K. Enwall, A. Jarvis and S. Hallin. 2004. Reassessing PCR primers 
targeting nirS, nirk and nosZ genes for community surveys of denitrifying bacteria with 
DGGE. FEMS Microbiol. Ecol. 49:401-417. 
Wang, H., J. Su, T. Zheng and X. Yang. 2014. Impacts of vegetation, tidal process, and 
depth on the activities, abundances, and community compositions of denitrifiers in 





Weil, R.R., K.R. Islam, M.A. Stine, J.B. Gruver and S.E. Samson-Liebig. 2003. 
Estimating active carbon for soil quality assessment: A simplified method for laboratory 
and field use. Am. J. Alternative Agr. 18:3-17. 
Zumft, W. and H. Bothe. 2007. Nitrous oxide reductases. In: Bothe, H., Ferguson, S.J., 






Table 4.1. List of primers used to target the copper-containing nitrite reductase (nirK), 
heme-containing nitrite reductase (nirS), and nitrous oxide reductase (nosZ). 
Gene Primer Sequence (5’-3’) Source 
nirK* NIRK-1F* GGMATGGTKCCSTGGCA Braker et al. 1998NIRK-5R GCCTCGATCAGRTTRTGG Braker et al. 1998
nirS NIRS-cdA3F GTSAACGTSAAGGARACSGG Throback et al. 2004NIRS-R3cd GASTTCGGRTGSGTCTTGA Throback et al. 2004
nosZ NOSZ-F CGYTGTTCMTCGACAGCCAG Kloos et al. 2001NOSZ-1622R CGSACCTTSTTGCCSTYGCG Throback et al. 2004






Table 4.2. Thermocycling conditions, qPCR standard range, and qPCR efficiencies for 
the copper-containing nitrite reductase (nirK), heme-containing nitrite reductase (nirS), 
and nitrous oxide reductase (nosZ). 
Gene Cycling Conditions Standard Range qPCR Efficiency 
nirK 
30s at 95°C followed by 6 cycles of 
30s at 95°C, 30s at 63°C (-1°C/cycle), 
60s at 72°C followed by 40 cycles of 
30s at 95°C, 30s at 58°C, 60s 72°C, 
30s at *77°C (data acquisition) 
1E2 – 1E5 91.8 
nirS 
30s at 95°C followed by 40 cycles of 
30s at 95°C, 30s at 57°C, 30s at 72°C, 
30s at *78°C (data acquisition) 
1E2 – 1E6 89.2 
nosZ
30s at 95°C followed by 40 cycles of 
30s at 95°C, 30s at 57°C, 60s at 72°C, 
30s at *80°C (data acquisition) 
1E3 – 1E7 80.3 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.1. Mean potential denitrification activity in the bulk soil (0 to 15 cm) or 
rhizosphere soil from four fertility treatments: unamended control (UC), urea (UR), 
chicken manure (AM), and green manure (GM). Different letters represent significant 
difference between treatments as determined by Tukey adjusted least square means. Error 







Figure 4.2. Mean abundance of nirK in the bulk soil (0 to 15 cm) or rhizosphere soil from 
four fertility treatments: unamended control (UC), urea (UR), chicken manure (AM), and 
green manure (GM). Different letters represent significant difference between treatments 
as determined by Tukey adjusted least square means. Error bars represent standard error 







Figure 4.3. Mean abundance of nirS in the bulk soil (0 to 15 cm) or rhizosphere soil from 
four fertility treatments: unamended control (UC), urea (UR), chicken manure (AM), and 
green manure (GM). Different letters represent significant difference between treatments 
as determined by Tukey adjusted least square means. Error bars represent standard error 







Figure 4.4. Mean abundance of nosZ in the bulk soil (0 to 15 cm) or rhizosphere soil from 
four fertility treatments: unamended control (UC), urea (UR), chicken manure (AM), and 
green manure (GM). Different letters represent significant difference between treatments 
as determined by Tukey adjusted least square means. Error bars represent standard error 


















































































































































































































































































































































































































































































































































































Table 4.6. Spearman correlations of soil chemical properties, potential denitrification 
activity (PDA), copper-containing nitrite reductase (nirK) abundance, heme-containing 
nitrite reductase (nirS) abundance, and nitrous oxide reductase (nosZ) abundance. 
 PDA nirK nirS nosZ 
nirK 0.457** - 0.707** 0.280 
nirS 0.361* 0.707** - 0.571** 
nosZ -0.146 0.280 0.571** - 
pH -0.356* 0.203 0.149 0.116 
Ctot 0.629** 0.235 0.059 -0.564** 
Ntot 0.725** 0.375* 0.188 -0.435* 
POXC 0.302 0.076 -0.096 -0.583** 
NH4+-N -0.302* -0.066 0.125 0.526** 
NOx-N 0.443* 0.343 0.206 -0.228 
* Correlation is significant at the P < 0.05 level. 






Figure 4.5. Redundancy analysis (RDA) biplot of nirK T-RFs in bulk soil (0 to 15 cm; ?; 
filled circles) and rhizosphere soil (?; open squares) from four fertility treatments: 
unamended control (UC), urea (UR), chicken manure (AM), and green manure (GM). 
Arrows represent soil pH (pH), total carbon (TC), total nitrogen (TN), ammonium (NH4-
N), nitrate plus nitrite (NOx-N), potential denitrification activity (PDA), and 































Table 4.7. Mean Shannon-Wiener diversity and evenness of nirK T-RFs in bulk soil (0 to 




Bulk soil   
  Control 1.48 az 0.886 a 
  Urea 1.71 a 0.801 a 
  Animal manure 1.74 a 0.817 a 
  Green manure 1.61 a 0.844 a 
Rhizosphere   
  Control 1.79 az 0.828 a 
  Urea 2.03 a 0.800 a 
  Animal manure 1.88 a 0.766 a 
  Green manure 1.83 a 0.775 a 
z Different letters within a column represent significant difference between treatments 






Table 4.8. Mean Shannon-Wiener diversity and evenness of nirK T-RFs between bulk 






Soil fraction (SF)    
  Bulk soil  1.63 bz 0.837 a 
  Rhizosphere  1.88 a 0.793 a 
Fertility treatment (FT)    
  Control  1.63 az 0.857 a 
  Urea  1.87 a 0.800 a 
  Animal manure  1.81 a 0.792 a 
  Green manure  1.72 a 0.810 a 
    
Factor df P > F
SF 1 0.0018 0.0830 
FT 3 0.1361 0.2620 
SF x FT 3 0.8064 0.7725 
z Different letters represent significant difference between treatments within soil fractions 





CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS 
5.1 Introduction 
The objectives of this research were to assess the impacts of inorganic and organic 
fertility management practices on soil quality and nitrogen cycling dynamics in Midwest 
vegetable production systems. This concluding chapter provides a summary of how the 
research results, interpretations, and succeeding questions from this dissertation will 
contribute to: 1) creating improved fertility management for maximizing crop 
productivity and improving soil quality in intensively managed vegetable production 
systems; and 2) a better understanding of the impacts of fertility sources on nitrification 
and denitrification dynamics in order to reduce N loss from Midwest agricultural 
production systems. 
 
5.2 Soil Quality in Intensively Managed Vegetable Production Systems (Chapter 2) 
The results of Chapter 2 indicate that fertility management using animal manure 
and a legume-based green manure improve soil quality compared to conventional 
fertilizers in high tunnel vegetable production systems. While the benefits of using 
animal manures (Mader et al., 2002) and green manures (Snapp et al., 2005) on soil 
quality in exposed agricultural settings are well understood, previous research has not 





Specifically, we found that animal manures and green manures increase active carbon 
(POXC) and microbial activity (FDA hydrolysis) in both high tunnel and open field 
systems. These findings are important for vegetable growers to consider as these factors 
directly contribute to soil health and crop productivity. 
On the other hand, the potential for high tunnels to accumulate soluble salts and 
phosphorus (P) could be an issue in effectively managing these systems. The findings of 
this research suggest that greater salt and P accumulation occurred in high tunnels 
compared to open field production systems and was highest in soils receiving animal 
manure. However, observed salt levels were not considered inhibitory to most vegetable 
crops. In the case that salt accumulation becomes problematic in high tunnel production 
systems, remedial measures should be taken to remove soluble salts. Additionally, P 
levels should be monitored closely in vegetable production systems receiving organic 
amendments as P loading can lead to negative environmental consequences (Eghball and 
Power, 1999).  
While fertility management led to changes in soil quality within the three years this 
study was conducted, long-term research is needed to confirm high tunnels can be 
managed using organic fertility sources without salt and P buildup. Additionally, research 
using a combination of both inorganic and organic fertility sources, fertigation, and use of 
different cover crops or cover crop mixtures would be valuable. 
 
5.3 Fertility Management Impacts on Nitrification (Chapter 3) 
This study revealed that nitrification dynamics are likely controlled by ammonia 





correlation of AOB abundance with potential nitrification activity (PNA). This result is 
consistent with Jia and Conrad (2009), and challenges earlier belief that AOA are more 
important in soil nitrification (Leininger et al., 2006; Prosser and Nicol, 2008). 
Nitrification dynamics were differentially impacted by fertility management in bulk and 
rhizosphere soils in this study. Fertility amendments altered PNA and the abundance of 
both AOA and AOB more strongly in bulk compared to rhizosphere soil. The abundance 
of AOA and AOB was greatest in soils receiving urea inputs, however, PNA was greater 
in animal manure and green manure soils compared to urea and unfertilized soils. These 
results could have significant impacts on NO3- leaching from bulk soil receiving 
inorganic versus organic fertility inputs. Although process rates were greater in the 
organically amended soils, higher AOA and AOB abundance in the urea treated soils 
suggest greater transcriptional potential for ammonia oxidation in this treatment.  
Additionally, results from this study suggest that there is enhanced nitrification 
activity in rhizosphere compared to bulk soil. However, the abundance of AOA and AOB 
were not significantly different between the two soil fractions. Greater rates of PNA 
observed in the rhizosphere could be due to higher rates of N mineralization in the 
rhizosphere, although the fate of NO3- as a result of elevated nitrification in the 
rhizosphere needs to be further evaluated. On the other hand, these results need to be 
confirmed though additional studies that evaluate nitrification dynamics in the 
rhizosphere of other relevant crops in this region.  
Future research that assesses the long-term impacts of fertility management would 
be useful in confirming these results on season-to-season nitrification dynamics. 





well as off-season periods would more comprehensively characterize potential for N loss 
during these periods. While more complicated than DNA-based studies, approaches that 
quantify the transcriptional activity of AOA and AOB could more accurately indicate the 
contribution of these groups to nitrification processes. 
 
5.4 Fertility Management Impacts on Denitrification (Chapter 4) 
The results from this study confirm that fertility management and rhizosphere 
effects influence denitrification dynamics in a dominant Midwest U.S. soil. However, no 
differences were observed between treatments receiving N inputs in potential 
denitrification activity (PDA) or abundance of genes involved in denitrification within 
either bulk or rhizosphere soil. However, when compared across soil fractions, potential 
denitrification (PDA) activity was greater in soils receiving green manure inputs 
compared to urea. While green manures have the potential to improve soil quality in 
vegetable production systems, continual use of these sources for sole N fertility could 
increase denitrification. Research suggests, however, the ratio of nitrous oxide (N2O) to 
dinitrogen (N2) is lowest in high carbon (C) environments (Firestone et al., 1980; Kramer 
et al., 2006). Additional research to confirm the relative amounts of N2O from fertility 
treatments used in this study to determine their impacts on denitrification efficiency. 
Another significant result observed in this study was greater PDA in rhizosphere 
compared to bulk soil, which is consistent with previous studies (Hojberg et al., 1996; 
Smith and Tiedje, 1979). Because the rhizosphere can alter environmental factors 
regulating denitrification (e.g. O2, organic C, NO3-), there is potential for greater 





on N cycling processes. Interestingly, nosZ abundance was lower in rhizosphere 
compared to bulk soil, which could have significant impacts on N2O release from 
Midwest soils, especially since PDA was elevated in the rhizosphere fraction. Incomplete 
denitrification resulting in greater N2O to N2 ratios have been observed in high NO3- 
environments (Weier et al., 1992), and the fact that higher levels of NOx-N (nitrate plus 
nitrite N) was observed in the rhizosphere could explain reduced nosZ abundance in this 
fraction. However, the relative amounts N2O were not determined in this study, further 
highlighting the need to assess denitrification efficiency in this system.  
Additionally, future research that measures N2O emissions within field plots would 
be beneficial for determining in situ denitrification activity. However, chamber based 
techniques might not capture denitrification events in the rhizosphere. Technologies like 
open-path infrared spectrometry could more broadly explain field-scale denitrification 
dynamics related to N2O production (Dubowski et al., 2014), and alleviate discrepancies 
related to plot-scale soil heterogeneities.  
 
5.5 Relevance of Dissertation Results 
This dissertation research serves as a valuable resource for understanding the 
impacts of fertility management practices on soil quality and N cycling in a growing area 
of agricultural production in the Midwest U.S. In particular, the results of this research 
broadly serve growers, researchers, and policy makers, and will help facilitate informed 
on-farm decision making, investigations linking management to ecology, and improved 





management strategies that improve long-term agroecosystem and environmental 
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